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Abstract

Visible lasers with Watt level output powers have, for the past two
decades, been dominated by the diode pumped solid state (DPSS)
laser. These lasers are, unfortunately, rather ineffective and sensitive to
external perturbations and, therefore, often require water cooling.

An alternative technology based on cascaded single pass frequency
doubling of high power tapered laser diodes have been developed at the
Technical University of Denmark. This thesis contains the newest results
based on this technology, including the move towards new wavelengths
where 1.9 W at 561 nm and 2.7 W at 577 nm has been demonstrated.
Especially 577 nm is of great interest, as this exactly matches the peak
in the absorption curve for oxygenated haemoglobin, making it highly
desired in the medical industry.

Modulation of the second harmonic light is also examined, including
how the narrow wavelength acceptance of the non-linear crystals is both
a hindrance and a way to achieve said modulation. At the same time the
non-linear crystals can be used to extract information on the temporal
wavelength characteristics of the laser diodes at a µs time scale with
pico-meter resolution. Lastly the behaviour of the laser diodes under
the influence of a controlled amount of optical feedback is examined,
as this is currently the main obstacle for wide-spread use of frequency
doubled tapered laser diodes as a visible laser source.





Resumé

I de sidste to årtier har synlige lasere været dominerede af frekvens-
fordoblede faststof lasere. Desværre lider disse lasere under en lav
effektivitet, samtidig med at systemerne er følsomme overfor vibrationer
og temperatur svingninger. Dette gør at stabil drift typisk kun kan
opnås med vandkøling, hvilket gør systemerne relativt store og dyre.

Danmarks tekniske universitet (DTU) har udviklet en alternativ
teknologi hvor høj effekts taperede laser dioder bliver frekvensfordoblet
ved hjælp af en kaskade af ikke lineære krystaller uden en kavitet.
Denne afhandling indeholder de nyeste resultater baseret på denne
teknologi inklusiv demonstration af 1.9 W ved 561 nm og 2.7 W ved
577 nm. Lasere ved 577 nm er specielt interessante, da det er her, at der
opnås maksimal absorption i oxyhæmoglobin, hvilket gør bølgelængden
interessant for medicinske anvendelser.

Afhandlingen beskriver også hvordan den høje afhængighed af bøl-
gelængen for den ikke lineære effektivitet, både er et problem i forhold
til at opnå modulation af det synlige lys samt en måde til at opnå den
selv samme modulation ved små ændringer i strømmen til laser dioden.
Det beskrives også hvordan krystallerne kan bruges til at undersøge
tidslig bølgelængde karakteristik for laser dioderne ned til µs scala med
picometer opløsning. Til sidst gives en beskrivelse af hvordan laser
diodernes opførsel påvirkes af lys der kobles tilbage i laserkaviteten da
dette har stor indvirkning på det endelige system.
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Chapter 1

Introduction

From scientific laboratories to medical clinics lasers have become an
invaluable tool. While they come in many shapes and sizes, the common
factor for all these systems is that they are able to deliver a very
controlled amount of power to a specific region with little to no impact
on the surroundings.

Light has the peculiar property that it can either pass right through a
material or experience a very high absorption, because of small changes
in the material. In research, and diagnostics, this is often used to look for
specific markers in a sample using labels, which are engineered to absorb
and re-emit light at specific wavelengths if the marker is encountered.

While lasers and other tailored light sources are used extensively for
diagnostics, they are also used more directly for treatment of diseases.
One such example is laser surgery, where a powerful laser is used to either
remove or kill diseased tissue. In most situations it is, of course, better
to use a simple scalpel. However, there are places in the body where the
use of a scalpel is dangerous or even impossible. The most prominent
one being the eyes. Especially the back of the eye, known as the retina,
is close to impossible to access with a mechanical instrument, without
blinding the patient. It is, however, an ideal location for laser surgery,
as the rest of the eye is highly transparent for visible light, making the
risk of unwanted damage to the outer layers very low. The majority of
the retinal laser treatments works by heating the tissue until the blood
coagulates. This type of treatment is known as photocoagulation and
has been performed with green lasers for many years.
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1.1 Motivation

The vast majority of the green lasers used today are frequency doubled
Nd:YAG lasers emitting at 532 nm. These are optically pumped free
space laser cavities with intra-cavity frequency doubling. The free space
cavity makes the alignment of these lasers critical and at the same time
they suffer from a low efficiency. This makes the thermal management
of the system critical, and water cooling must often be used to achieve
a stable output. Ultimately the complexity of the systems also makes
them too expensive for widespread use.

The aim of this thesis is to build on the work performed at the
Technical University of Denmark to build visible lasers with a higher
efficiency and without the need for a free space cavity. The ideal solution
would, for most applications, be a laser diode emitting at the desired
wavelength. While some progress is being made in this regard, the laser
diodes in the green-orange spectral range are still very limited both in
power and beam quality.

Fortunately the AlGaAs based diode lasers in the near infrared have
reached a point, where it is possible to use them for direct frequency
doubling without the use of an external cavity. This is because of the
development of distributed Bragg reflector (DBR) tapered laser diodes
by the The Ferdinand-Braun-Institut in Berlin. These devices combine
the high beam quality and narrow spectrum of DBR ridge waveguide
laser diodes with the power of broad area devices, by integrating a
power amplifier inside the device. Visible lasers based on these devices
have the potential to become smaller, cheaper and more efficient than
the available lasers today in the few watt power range. Furthermore, the
use of diode lasers makes the wavelength a design parameter and 1154
nm devices have been demonstrated, allowing for frequency doubling
to 577 nm. Pure yellow, as 577 nm is also known, is an important
wavelength as it is the peak in the absorption curve for oxygenated
haemoglobin. For this reason many believe it to be the ideal wavelength
for treatments based on photocoagulation.



1.2. Structure of the Thesis 5

1.2 Structure of the Thesis

The thesis is divided into two main parts. Part I contains the fundamental
knowledge needed to fully understand the work performed throughout
the project. As Part I is dedicated to background knowledge it contains
very few of the results obtained during the project. The results of the
work performed by the author is described in Part II by the six journal
papers and four conference proceedings that have been produced in
relation to this thesis.

Part I is further divided in four chapters, the first of which is this
introduction. Chapter two describes the DBR tapered laser diodes in
detail, though with focus on the devices characteristics as the fabrication
process was outside the scope of this project. Chapter three deals with
the fundamentals of frequency doubling as well as the ways to achieve it
in practice. This chapter also describes the cascade frequency doubling
scheme used in this work, including the reason why this particular
scheme was chosen. Lastly chapter four gives a short outlook on this
work.





Chapter 2

Tapered Laser Diodes

Many think of laser diodes as something modern compared to the "old
fashioned" solid state lasers, but the diode laser has in fact been around
almost as long. The first laser is widely credited to Theodore Maiman
who built a laser using a ruby crystal in 1960 at Hughes Research
Laboratories. However, only 2 years later several papers were published
showing lasing from the semiconductor materials GaAs [1–3] and GaAsP
[4]. Though it should be mentioned that these results were all obtained
at or below 77 K. It took another 8 years before room temperature
lasing was achieved [5], at this point the term "laser" had also become
common enough to be used in the title of the paper.

Although a full review of the development of laser diodes would
be interesting, the field is too vast to be covered in its entirety in this
thesis. The work which have been performed revolves around tapered
laser diodes in the wavelength range 1060 to 1180 nm, and for this
reason the focus of this chapter is on the fundamentals needed to
understand these specific devices. It is assumed that the reader has a
basic knowledge of lasers and semiconductors. This chapter will describe
the build-up of the frequency stabilized tapered laser diodes in detail, by
going through the vertical structure, the materials, the lateral structure
and the emission characteristics. The majority of the work done during
this thesis is based on distributed Bragg reflector (DBR) tapered laser
diodes developed at the Ferdinand-Braun-Institut, Leibniz-Institut für
Höchstfrequenztechnik (FBH) in Berlin. Diodes developed at the FBH
are used in Papers I, IV - VII and IX-X. The diode used in Paper
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III is of the same type as the ones developed at the FBH but from
the Optoelectronic Research Center (ORC) at Tampere University of
Technology. Papers II and VIII use tapered master oscillator power
amplifier (MOPA) devices developed and sold by QPC Lasers Inc. in
California, USA. As the MOPAs are commercial devices the information
on their exact build-up is limited, and for this reason this chapter will
first describe the DBR tapered laser diodes in detail and then a separate
section will describe some of the ways in which the DFB MOPA devices
vary from the DBR tapered laser diodes. The chapter finishes with a
section on the response of frequency stabilized laser diodes to optical
feedback, which is the topic of Paper VI.

2.1 Vertical Structure and Materials

To make a laser diode the vertical structure and the materials must
fulfil to a number of criteria:

1. All materials must be lattice matched or other measures taken to
avoid defects in the material.

2. Materials with at least 2 different band-gaps must be used to achieve
carrier confinement.

3. The materials must also have a refractive index profile which gives
optical confinement.

4. The material with the lowest band-gap must match the needed
emission wavelength and be placed within the optically confined
region.

2.1.1 Double Heterostructure

Figure 2.1: Profile of the
band-gap and the refractive in-
dex needed for a semiconduc-
tor laser diode. The high en-
ergy band with the electrons is
known as the conduction band
while the low energy band with
the holes is known as the va-
lence band.
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Items 1-3 can be achieved using a double heterostructure, where
a material with a low band-gap is sandwiched in between materials
with a higher band-gap, as seen in Figure 2.1. The structure is known
as a double heterostructure because a junction between two different
materials, eg. material 1 and 2 in the figure, is known as a heterostruc-
ture. Typically materials 1 and 3 in the figure will be the same base
material, but n- and p-doped respectively. The center material is either
a different material that has the same lattice constant, or the same
material with a different mixing ratio, resulting in a lower band-gap. This
will confine the carriers to the undoped region in the center, where the
electrons and holes recombine to emit photons. Furthermore, the higher
band-gap of the cladding makes absorption of the light by generating
an electron-hole pair unlikely. Luckily, the lower band gap compositions
of many semiconductors emitting in the near infrared also has a higher
refractive index, making it possible to build the whole structure of a
single material. In Figure 2.1 the band-gap of the cladding is denoted
Egcl, while the band-gap in the recombination region is denoted Eg.
Often the band-gap of the recombination region will simply be referred
to as the band-gap of the laser since, the other band-gaps are largely
irrelevant as long as they are large enough to ensure carrier confinement
in the active region.

2.1.2 Strained Quantum Wells

Unfortunately the simple double heterostructure has the disadvantage
that all the materials used must be lattice matched to avoid defects.
This restraint can be loosened by using strained quantum wells. If a layer
of a material with a different lattice constant is grown, it will initially
adapt its size to match the lattice of the underlying material. However,
the unit cell of the lattice will attempt to keep the same volume and
will, therefore, be deformed which results in a strain of the quantum
well. The type of strain depends on the relative lattice sizes of the
quantum well and surrounding material, a schematic representation can
be seen in Figure 2.2. When the strained material has reached a critical
thickness the strain will be relieved by creating defects. However, if the
layer thickness of the mismatched material is kept below the critical
thickness, which is typically on the order of 10 nm, then a layer with a
lattice mismatch on the order of 1% [6] can be accepted in the structure.
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For thick layers the corresponding acceptable thickness is ∼ 0.1% [7].
The acceptance of higher lattice mismatches can be used to make
thin layers of active material where the band-gap is significantly lower
than in the surrounding material, thereby increasing the wavelength
of the emitted light without having to change the base material or
substrate. Furthermore, the strain will often also improve the optical
properties of the active layer by lowering the threshold and improving
the thermal properties [6]. Even higher strains can be tolerated if strain
compensating barriers and low temperature manufacturing are used [8].
With these techniques quantum wells with a 2.5% lattice mismatch has
been demonstrated [9].

Figure 2.2: Schematic repre-
sentation of the strained lat-
tice in a quantum well. Repro-
duced from [6].

Effective laser diodes can be produced with a single quantum well,
but for high power diodes such as the tapered diodes two or three
quantum wells are typically used to avoid spatial hole burning. The
band-gap profile of a double heterostructure with a single quantum well
can be seen in Figure 2.3. Since the thickness of the quantum wells are
on the order of 10 nm they are much smaller than the optical mode.
This means the quantum wells cannot guide the optical mode, and they
will, therefore, only give rise to a small change in the average refractive
index of the whole core. The layers around the quantum wells are
therefore known as the waveguide material. This means that the mode
confinement can now be engineered separately from the active layers,
and for this reason the structure is known as a separate-confinement
heterostructure.
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Figure 2.3: Schematic repre-
sentation of the band-gap pro-
file of a separate-confinement
heterostructure laser diode
with a single quantum well.
The optical mode is again
overlaid as a dotted line.

Since the thickness of the quantum wells are on the order of 10 nm
they are much smaller than the optical mode. This means the quantum
wells cannot guide the optical mode but will only give rise to a small
change in the average refractive index of the whole core.

2.1.3 Super Large Optical Cavity

For tapered laser diodes the aim is to get both a high power and a spatial
emission mode that is as close to a Gaussian profile as possible. For
devices based on separate-confinement heterostructures with quantum
wells, the easy choice is to design the waveguide thickness to only
support a single mode. However, the small waveguide comes with a
number of problems in practice. One is that a significant portion of
the light will propagate in the cladding where there is an increased loss
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due to the p- and n-doping. Another problem is that the mode will be
very small, which leads to catastrophic optical damage (COD) at lower
power levels, than would be the case for larger modes. Furthermore, a
small mode size gives a very high divergence of the output light, which
can give issues with the beam shaping as high NA optics are needed.

To combat the above mentioned issues the FBH have developed
what they call the Super Large Optical Cavity (SLOC), which is now
implemented in most of their near infrared tapered laser designs, see
section 2.1.6. The idea is in principle very simple, increase the waveguide
thickness to allow for a larger vertical mode and limit the fraction that
propagates in the cladding. This will of course allow for propagation
of unwanted higher order modes so these need to be suppressed. For-
tunately the mode confinement decreases with the mode order, and
so does the reflectivity of the front facet for TM polarized modes. On
top of this, the higher radiation into the cladding for the higher order
modes makes it possible to increase the loss for them by decreasing the
thickness of the cladding. This way it can be shown that waveguides
that would normally support 10 modes can be engineered to still emit
a Gaussian profile, while reducing the vertical far field divergence from
35◦to 15◦[10].

2.1.4 Asymmetric Epitaxial Design

When quantum well lasers first came out the quantum well was typically
placed in the center of the waveguide. The advantage of this approach is
that it maximized the overlap between the photon density and the gain
medium (the quantum wells). The overlap is known as the confinement
factor and is given by

Γ =
∫ A

I(y)dy∫∞
−∞ I(y)dy

(2.1)

where Γ is the confinement factor, A is the active layers position
and thickness and I is the intensity profile of the mode. A higher
confinement factor gives a lower threshold and therefore, in principle,
a higher efficiency. However, for high power tapered laser diodes the
power is not limited by COD but by filamentation, self-focusing and
other non-linear effects [11]. These effects generally depend on the
overlap between the carrier and photon density, and since the carriers
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are confined to the quantum wells the non-linear effects can be reduced
by reducing the confinement factor. It has been shown that by shifting
the quantum wells towards the cladding the onset power for the non-
linear effects could be increased by a factor of 2, while the threshold
current was increased by 1.4 [12].

2.1.5 Near Infrared Materials

The production of high quality semiconductor lasers set strict require-
ments for all the materials used in the process. At least two, but more
often three or four, material compositions must be found from which
defect free single crystal films can be epitaxially grown on top of each
other. This requires all the materials to have the same crystal structure
and their lattice constants must be nearly identical. If the materials
do not match, defects will be created in the crystal structure. These
defects will typically act as non-radiative recombination centres, where
electron-hole recombination can happen without the emission of a
photon, leading to lost carriers and increased heating of the device.

Figure 2.4: Band-gap and
emission wavelength as a func-
tion of lattice constant for
the typical materials used for
near infrared laser diodes. Bi-
nary materials are shown with
dots and tenary materials as
connecting lines. Solid lines
and filled dots indicate a di-
rect band-gap, while dashed
lines and open dots indicate
indirect band-gaps. Reprinted
from [13].

An overview of the typical materials used in near infrared laser diodes
is shown in Figure 2.4. In the figure the materials are divided up into
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direct band-gap, shown with closed dots and solid lines, and indirect
band-gaps, shown as open dots and dotted lines. In a material with an
indirect band-gap the momentum of the electron and the hole does not
cancel out during recombination. Therefore, momentum needs to be
transferred to the material during the emission of a photon. This makes
the radiative transitions less likely and direct band-gaps are, therefore,
preferred. All the materials described in this thesis uses a direct band-gap
and the differences will, therefore, not be described in further detail. The
materials in Figure 2.4 are all known as III–V semiconductor materials,
since they are combinations of atoms from the third and fifth group
of elements in the periodic table1. The dots in the figures are known 1 Group III and V refers to the

old grouping of elements by
the number of electrons in the
outer most shell which was
used by Dmitri I. Mendeleev
who invented the periodic ta-
ble of elements. Many newer
periodic tables instead use a
system of grouping called IU-
PAC. In IUPAC the old group
III is split up into groups 3 and
13 while group V is now group
15. Al, Ga and In are part of
group 13 whereas P, As and
Sb are now in group 15.

as binary materials as they consist of two types of atoms, while the
lines in between two dots are ternary materials, which are alloys of the
corresponding binary materials. In tenary materials either the group III
or the group V element is kept, while the other becomes a mixing ratio
between the two available atoms in that group. In the case of aluminium
gallium arsenide it would be a mix of aluminium and gallium and is
therefore denoted as AlxGa1−xAs, where x is the ratio of aluminium to
gallium. Sometimes the second subscript is omitted since it can easily
be derived from the first. Quaternary materials where both the group
III and V atoms are a mix can also be used to achieve an even higher
design freedom.

The lattice constant of a material can be calculated using Vegard’s
law which states that for materials with the same crystal structure, the
lattice constant of a composition will be equal to the weighted average
of each material. Below is shown an example with the quaternary
In1−xGaxAsyP1−y

a(x, y) = xyaGaAs + x(1− y)aGaP + y(1− x)aInAs
+ (1− x)(1− y)aInP

(2.2)

where a is the lattice constant of the material. As all the materials
described in this section have the same crystal structure this law can be
used for any of the described compositions. Calculating the band-gap
of a composition is more complicated as it is clear from Figure 2.4 that
the band-gap is not necessarily linear with the composition. A lot of
research has been done on III–V semiconductors and a comprehensive
review of how to estimate band-gaps of composite can be found in [14].

AlxGa1−xAs is one of the most studied semiconductor materials
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and has become the material of choice for cladding, waveguides and
substrates when producing laser diodes in the 700 nm to 1180 nm range.
One of the main reasons for this is that the lattice constant is nearly
unchanged when the aluminium content is changed. AlGaAs can be
used for laser diodes from 700 nm (x ∼0.45) and up to 870 nm (x = 0).
The reason it is limited to 700 nm is because the band-gap of AlGaAs
becomes indirect at higher concentrations of aluminium [6]. Furthermore,
aluminium is highly reactive and high concentrations therefore have a
tendency to create oxygen impurities. For higher wavelengths strained
quantum wells of InGaAs are typically used. However, as the emission
wavelength of the quantum well increases, so does the lattice mismatch.
The higher lattice mismatch makes it more difficult to produce high
quality crystals, and for this reason it is only recently that tapered laser
diodes have been produced at 1154 nm with an output power that can
match that of the 1064 diodes [15]. Tapered lasers have also been shown
around 1180 nm using either GaAsP as a strain compensating barrier
[16] or a GaInNAs quantum well as described in Paper III. However,
while the results are promising they have yet to show the same power
levels as for the shorter wavelengths.

2.1.6 Examples of Vertical Structures

In this section two different types of vertical structures which are of
special interest for the thesis are highlighted. The first is the asym-
metric super large optical cavity (SLOC) which is used by the FBH
for wavelengths ranging from 980 nm and up to 1154 nm [15]. The
second is the vertical structure used in Paper III to achieve emission
at 1180 nm. A sketch of the two is shown in Figure 2.5.

For the asymmetric super large optical cavity the aluminium contents
are typically x = 0.35 and y = 0.25 for 1060 nm lasers [17]. While for
1154 nm x = 0.25 and y = 0.15 [15]. When the asymmetric design is
implemented in a waveguide that is n- and p-doped on each side of
the active layer, the quantum wells are typically shifted towards to
p-cladding, as is shown in Figure 2.5. This minimizes the mode overlap
with the p-doped region of the waveguide, which is typically more lossy
than the n-doped region. An example of how the optical modes of the
asymmetric SLOC is shown in Figure 2.6.
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Buffer

Active Zone

Contact

n-Al0.25Ga0.75As

GaAs

GaAs

p-Al0.25Ga0.75As

p-GaAs

n-GaAs

1.3 µm

0.5 µm

0.5 µm

1.2 µm

Cladding
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Figure 2.5: Examples of verti-
cal structures for GaAs based
laser diodes in the 1060 nm
– 1180 nm range. The layers
are color coded for the buffer,
cladding, waveguide, active
zone and contact as shown to
the right. For the asymmet-
ric SLOC x is the aluminium
content in the cladding and
y is the aluminium content in
the waveguide. SQW = single
quantum well.

Figure 2.6: Example of the cal-
culated mode profiles of the
asymmetric SLOC. The black
line (left y-axis) is the index
profile, the red line is the fun-
damental mode (right y-axis)
and the rest are the higher
order modes. Reprinted from
[18].

While the structure of the waveguide and cladding is very versatile
and can be used for a large wavelength span, the active zone has to be
carefully engineered for the specific wavelength. For wavelengths close
to the band-gap of GaAs (∼ 900 nm) quantum wells are relatively simple
to grow due to the low strain. But for higher wavelengths, especially
when going beyond 1100 nm, it is often not possible to make simple
quantum wells similar to the one shown in Figure 2.3. For these lasers an
indium content up to 40% can be necessary, giving a lattice mismatch
(∆a/a) of up to 2.5%. It has been shown that a combination of strain
compensating barriers of GaAsP and GaAs spacers can both decrease
the threshold and improve the slope efficiency for these highly strained
quantum wells [9, 19]. Tapered laser diodes based on the asymmetric
super large optical cavity has been used at 1064 nm in Papers IV, VI,
IX, at 1125 nm in Papers I, VII and at 1154 nm in Papers V, X.

2.2 Lateral Structure

The lateral layout of a tapered laser diode defines both the spatial mode
characteristics on the slow (horizontal) axis using a waveguide, and the
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spectral characteristics using a grating. The lateral layout of a typical
distributed Bragg reflector (DBR) tapered laser diode is shown in Figure
2.7.

Figure 2.7: Overview of the
typical lateral layout of a ta-
pered laser diode. DBR = dis-
tributed Bragg reflector, RW
= ridge waveguide, wRW =
width of the ridge waveguide,
TA = tapered amplifier, αTA
= full taper angle, AR = anti-
reflectance coating and LR =
low reflectance coating. Either
a beam spoiler or ion implanta-
tion is used to suppress modes
propagating outside the ridge
and is implemented symmetri-
cally around the ridge.

DBR RW TA

½αTA
wRW

Beam Spoiler
Ion implantation

AR
LR

The device is divided into three sections: A grating which makes
the device single frequency, a ridge waveguide which is used to guide
the fundamental mode of the cavity, and a tapered amplifier which
boosts the output power. Most of the devices used in this work have a
1 mm long DBR section, a 1 mm long RW section and a 4 mm long
TA section, making the whole device 6 mm long. The width of the
ridge waveguide is typically 4-5 µm. Each of these three sections of the
device will be described individually in this section of the thesis. Apart
from these three sections either beam spoilers or ion implantation is
used to prevent modes from lasing outside the ridge waveguide. Beam
spoilers are produced by etching a grove into the device on either side
of the ridge waveguide. This gives any light in that area a high off-axis
reflectivity resulting in a high mode suppression. However, there is a
risk that defects can propagate from the grove in the device resulting
in a decreased yield. The other option is ion implantation where ions
are implanted in the whole region next to the ridge waveguide, thereby
highly increasing the absorption of light in that area. Ion implantation
is not as effective at suppressing modes but for many devices it is good
enough and the risk of defects is lower. For this reason ion implantation
is predominately used in tapered devices. To further suppress modes
outside the waveguide an anti-reflection (AR) coating is applied to the
back facet, while a low-reflectance (LR) coating is applied to the front
facet for the laser feedback.
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2.2.1 DBR Gratings

To spectrally stabilize the laser a wavelength selective element is needed.
For solid state lasers based on atomic transitions the transition can
be narrow enough. But for diode lasers the gain is several tens of
nanometers wide and a separate wavelength stabilizing element is,
therefore, needed. This is typically realized by implementing a grating at
the back of the laser diode utilizing either distributed Bragg reflection
(DBR) or distributed feedback (DFB). Both grading types rely on a
periodic change in refractive index, leading to a high number of small
reflections. When these reflections are all in phase they can, in theory,
add up to achieve a reflection coefficient of 1. The peak reflectivity
occurs when the Bragg condition is satisfied [20]

2Λ cos(θ) = jλ (2.3)

where Λ is the grating period, θ is the angle of incidence on the grating
and j is an integer.

Figure 2.8: Scanning electron
microscope image of a DBR
grating produced by etching
and defined by i-line lithogra-
phy. Reproduced from [21].

The DBR grating must be manufactured so that the reflections
from all the interfaces add up constructively. This means the period
of the grating must be equal to half of the target wavelength, or a
harmonic of this. The wavelength here is the wavelength in the average
refractive index of the grating. As a period correspond to a full cycle
of the refractive index each slab must be a quarter of a wavelength
to realize a first order grating. In edge emitting devices the gratings
are produced by periodically removing material and refilling it with
a material with a different refractive index [22]. However, a space
of a few hundred nanometers is always left between the grating and
active layer. While first order gratings have the advantage that there
is no strong dependence of the reflectivity on the tooth shape of the
groves, and have been realized in AlGaAs at 840 nm [23]. They do,
however, require individual processing of each grating using electron-
or ion-beam technologies. This greatly increases the process time and
is, therefore, not suitable for high volume manufacturing. Higher order
gratings have the advantage that the grating period scales with the
order, and therefore a lower resolution is needed. For this reason the
higher order gratings can be manufactured by etching making them
significantly better for high volume production. However, as the grating
only penetrates part of the optical mode the reflection coefficient of the
grating becomes highly dependent on the duty cycle of the grating. To
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achieve a high efficiency of 6th and 7th order gratings the duty cycle
typically has to be 0.9 or higher [21, 24]. Recently it was found that
the efficiency of these deeply etched higher order gratings is also highly
dependent on the width of the grating. This leads to significantly lower
reflection coefficients for gratings produced in ridge waveguides, but
the problem can be mitigated to some degree by tapering the ridge
waveguide before the grating [25]. For tapered laser diodes it has been
shown that it is more advantageous to make a tapered DBR grating
instead, to avoid changes in beam quality with the ridge waveguide
injection current [26].

Calculating the reflectivity curve of a DBR grating in a diode laser
requires numerical modelling, as it depends on a large variety of factors.
An analytical solution can only be found in a very simplified case, even
so, it is briefly shown here as it gives some useful insight into the shape
of the reflectivity curve. To get the analytical expression the following is
assumed: Firstly the grating is anti reflection coated at the back to avoid
an extra facet reflection. Secondly the entire field propagates inside the
grating. Thirdly the grating consists of a refractive index modulation
(i.e. no modulation in the loss or gain). And lastly the grating is center
symmetric. Under these conditions the amplitude reflectivity is given by
[27]

r = iκ sinh(γL)
γ cosh(γL)− (α+ iδ) sinh(γL) (2.4)

with

γ2 = (α+ iδ)2 + |κ|2 (2.5)

δ = 2π
(
neff
λ
− 1

2Λ

)
(2.6)

where κ is the coupling coefficient, L is the length of the grating, α is
the modal loss, neff is the effective index in the grating, and Λ is the
grating period. The reflectivity is largely determined by the product κL
and equation 2.4 is plotted for three different values of κL in figure 2.9.
One especially interesting point can be concluded from this figure: A
high reflectivity typically leads to a flat plateau in the reflectivity. This
means that there can be several possible lasing frequencies which all
have the same reflection coefficient. In section 2.3.3 it will be shown
that this is likely the case for the DBR tapered laser diodes.
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0 . 8

1 . 0 Figure 2.9: Intensity reflection
of a DBR grating, given by
the absolute square of equa-
tion 2.4, as a function of
the normalized detuning from
the Bragg wavelength. The
plateau in the reflectivity can
sometimes support multiple
longitudinal modes of the laser
cavity.

2.2.2 Ridge Waveguide
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p-Cladding
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Figure 2.10: Lateral gain guid-
ing using current confinement.
The black arrows illustrate
the current and only where
it passes through the active
zone, marked red in the wave-
guide, will there be any gain.

The lateral mode guiding can be achieved in two fundamental ways: gain
guiding and index guiding. The simplest way to achieve gain guiding
is through current confinement, which is sketched in figure 2.10. With
current conefinement the width of the contact stripe is adjusted to
achieve the desired width of the laser gain. Lasers where the lateral
confinement is solely done by current guiding are, therefore, known as
stripe lasers. However, there are several drawbacks to stripe lasers. One
is that the localization of the current leads to a lower refractive index
in the guided region, which will broaden the mode. This effect is known
as antiguiding [28]. On top of this, the lateral diffusion of the carriers
can be difficult to control and the lack of optical guiding leads to an
increased loss. For this reason stripe lasers are mainly used in broad-area
laser diodes, where price pr. watt of power is the main focus. Optical

Mode

x

y

Figure 2.11: Lateral index
guiding using a ridge wave-
guide. The RW is typically pro-
duced by the same etching
technique as the DBR grating.

Index guiding is typically accomplished by removing part of the
material and replacing it with a lower index material, as shown in figure
2.11. For most devices the ridge waveguide is automatically coupled
with current confinement, as the low index material is often a non-
conducting material such as polyimide [6]. The combination of photon
and current confinement gives a higher control over the mode structure
and a higher efficiency, as less light will be coupled out of the guided
section. For DBR lasers the ridge waveguide is an ideal structure as it
can be manufactured by the same process used for the grating. As the
name indicates, this is the type of structure used in the ridge waveguide
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section of a tapered laser diode, see Figure 2.7. The number of modes
in a dielectric waveguide can be estimated using [29]

N
.= 2d
λ0

√
n2
c − n2

cl (2.7)

where d is the waveguide thickness, λ0 is the free space wavelength,
nc and ncl is the core and cladding refractive index respectively. .=
denotes that the result is always increased to nearest integer. Assuming
λ0 = 1064 nm, nc = 3.39 and ncl = nc − 0.0025, the ridge waveguide
is single mode up to a width of roughly2 4.5 µm.

2 3.39 is the refractive index
of Al0.2GaAs at 980 nm [6].
The refractive index step is an
estimate for an etched ridge
waveguide [30].
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Figure 2.12: Lateral index and
gain guiding using a buried
heterostructure. Here the car-
riers are completely confined
to the waveguide as the active
zone is destroyed outside it.

The main disadvantage of the ridge waveguide structure is the use
of current confinement, which allows for carriers to diffuse out of the
waveguide before recombining and thereby not contributing to the gain.
In principle the ideal structure is the buried heterostructure, shown in
Figure 2.12, where both photons and carriers are confined to the same
region. However, this requires the etch to go through the active region
making a regrowth of a p-n-p structure necessary to create a carrier
blocker [13]. This increases the production cost significantly.

2.2.3 Tapered Amplifier

The tapered amplifier is a much simpler structure than the DBR grating
and the ridge waveguide. Here the output of the RW section is allowed to
diffract freely, while being amplified using a simple current confinement
scheme, see Figure 2.10. Though in some cases this is supplemented by
a shallow ion implantation [26]. The main design factor in this section
is the taper angle, which is the angle used for the contact. If the angle
is lower than the free diffraction angle, it will give rise to self-focusing
effects [31]. If the angle is too wide, carriers will be lost due to pumping
of unused area which also increases the gain for higher order modes,
decreasing the beam quality [32] and increasing the threshold.

The front facet of the device is low-reflectance coated to provide
feedback to the laser cavity, typically to a value between 0.1 and 1% .
However, as the front facet is flat most of the reflected light will not
be coupled back into the RW section, see Figure 2.13. For this reason
the quality of the ion implantation (see Figure 2.7) and the AR coating
on the back facet must be high enough to avoid any lasing outside the
RW section.

Figure 2.13: Simulation of
the strength of the inter-
nal field in the forward (a)
and backward (b) propaga-
tion directions. The simula-
tions are performed at low
power and both are normal-
ized. Reprinted from [32].
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2.3 Emission Characteristics

2.3.1 Power Characteristics

The output power of a laser diode is primarily characterised by 4
parameters: The threshold current, the slope efficiency, the maximum
conversion efficiency and the thermal roll-over. The threshold is simply
the current at which the gain of the device equals the losses. For a
simple laser with two mirrors and a gain medium the threshold condition
is therefore given by [13]

Γgth = αi + αmirror = αi + 1
2L ln

(
1

R1R2

)
(2.8)

The product of the confinement factor, Γ, and the threshold gain gth
is also known as the modal gain at threshold. The internal loss αi is
mainly due to absorption in the material and the mirror loss αmirror

describes the losses at the end facets by the front and back reflectivities,
R1 and R2. The mirror loss is also inversely proportional to the length
of the cavity since a longer cavity allows for more gain between the
mirrors. After reaching the threshold the power will increase linearly with
the injection current, assuming the spontaneous emission and thermal
effects are negligible [13]

P = ηi
αmirror

Γgth
hν

q
(I − Ith) = ηi

αmirror

αi + αmirror

hν

q
(I − Ith) (2.9)

where P is the output power, ηi is the internal efficiency, hν is the
photon energy and q is the elementary charge. Equation (2.8) was used
to exchange the modal gain at threshold for the combined mirror and
internal loss. However, a more common way to express Equation (2.9)
is to define a differential efficiency as

ηd ≡
q

hν

dP
dI (2.10)

where dP/hν is the differential increase in photons per unit time and
dI/q is the differential increase in injected carriers per time, and use
this in place of the efficiency, loss and gain to get [13]:

P = ηd
hν

q
(I − Ith) = dP

dI (I − Ith) (2.11)

where dP/dI is the slope efficiency in W/A above threshold.
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At high output powers the main limitation of the equations above is
that they neglect thermal effects, i.e. they assume a constant device
temperature. In practice the limited efficiency combined with an im-
perfect heat sink results in an increase in the device temperature with
increasing currents. According to the Equation (2.11) the total efficiency
of the device will increase rapidly at currents just above threshold and
then plateau as the threshold current becomes negligible. However, as
the current is increased so is the device temperature. A higher device
temperature will lead to an increase in non-radiative recombinations,
which will lower the efficiency. One reason for this is the Auger recom-
bination where two electrons in the conduction band collide, sending
one down to the valence band and the other to a higher energy state in
the conduction band. Auger recombination not only increases with the
current density, but also increases exponentially with the temperature
[33]. Initially, the increase in non-radiative recombination leads to a
decreased efficiency until the effects become so pronounced that the
output power of the device starts to decrease with increasing currents.
This effect is known as thermal roll-over.

A typical PI (power versus current) plot for a tapered laser diode is
shown in Figure 2.14. The figure shows the threshold current at 1.3 A,
the maximum efficiency at 35% which plateaus around 6 A, and a fit
to the power above threshold yielding a slope efficiency of 0.66 W/A.
No thermal roll-over is observed for the tested currents. Similar laser
diodes have shown the thermal roll-over to occur around 16 A at room
temperature [15].

Figure 2.14: Typical power-
current characteristics of a ta-
pered laser diode from the
FBH. The data is from the
laser diode used in Paper X.
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Output powers between 10 and 12 W have been demonstrated at
920, 976, 1030, 1064, 1120 and 1154 nm [15, 18]. However, results
for reliable long term operation have generally been limited to output
powers between 5 and 8 W [15, 17], so this is likely more realistic power
levels for long-term operation.

2.3.2 Spatial Characteristics

In sections 2.1 and 2.2 it was shown that the design of the vertical and
lateral structures are very different. This will give rise to a difference
in the size of the near field mode diameter and the divergence angle,
leading to an elliptical beam. For this reason the spatial characteristics
are divided into the fast axis (high divergence angle) and the slow
axis (reduced divergence angle). Furthermore, in a tapered laser diode
the diffraction of the slow axis starts inside the cavity leading to an
astigmatism in the output, defined by the distance from the front facet
to the virtual source point as shown in Figure 2.15. As the location of
the virtual source point depends on the refractive index of the tapered
amplifier it will experience a slight change with the injection current
[34]. The astigmatism of the diodes with a 4 mm long taper section,
which is the type primarily used during the work of this thesis, is roughly
1.4 mm.

Virtual Source Point

Real Source Point

Astigmatism

Slow Axis (Top View)

Source Point

Fast Axis (Side View)

Active Zone

DBR Etch

Figure 2.15: Sketch of the
emission profiles from the fast
and slow axis of a tapered laser
diode. The divergence of the
beam inside the tapered am-
plifier only occurs in the lat-
eral axis giving rise to an astig-
matic output. In this work the
fast axis is collimated using an
aspherical lens which then cre-
ates a focus in the slow axis
that has to be collimated sep-
arately using a cylindrical lens.The ideal output beam of a laser is the Gaussian beam, which for

beams with higher order modes is also known as the fundamental mode.
This beam is characterised by having a Gaussian transverse intensity
profile at all positions along the optical axis given by the following
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relations [35]

I(x, y, z) = I0

(
w0

w(z)

)2
exp

(
−

2
(
x2 + y2)
w2(z)

)
(2.12)

w(z) = w0

√
1 + z

zR
(2.13)

w0 =
√
λzR
π

(2.14)

where I0 is the intensity at the origin (x = y = z = 0), w(z) is the
beam waist at position z, w0 = w(0) and zR is the Rayleigh range
which defines the propagation distance at which the beam waist has
increased by a factor of

√
2. Equation 2.12 shows that a Gaussian

beam can be defined using only the beam waist at the focus (or the
Rayleight range), the wavelength and the intensity at any position. The
parameters w0 and zR are also shown in Figure 2.16 together with the
far field divergence angle θ. For a pure Gaussian beam the divergence
angle is given by

θ = λ

w0π
(2.15)

Figure 2.16: Sketch with the
common parameters used to
define a laser beam.
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θw0
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The product of the divergence angle and the beam waist is known as
the beam parameter product (BPP) and it is interesting because this
product will increase if the beam contains higher order modes. For this
reason the BPP is typically used to characterize the quality of a real
laser beam by comparing it to the BPP of a Gaussian beam with the
same wavelength. This leads to a new figure of merit, the M2 value,
also known as the beam quality3, which is defined as

3 There has been some dis-
pute over the term beam qual-
ity and there are also down-
side with the M2 definition.
A. E. Siegman has made a
good overview of beam quality
measurements and he argued
that the correct term should
be "beam propagation factor"
[36] M2 = wmθm

wGaussθGauss
= wmθm

λ/π
(2.16)
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where wmθm is the BPP of a measured beam and wGaussθGauss = λ/π

is the BPP of a Gaussian beam where equations 2.14 and 2.15 have
been used to reduce the expression. One should note that the M2 value
for a laser is not uniquely defined, as it highly depends on the chosen
definition for the beam waist. For convinience the beam radius is often
defined as the point where the intensity has decreased by 1/e2. This
definition is advantageous as it is easy to measure for Gaussian-like
beams and includes 86% of the power [35]. However, the problem with
the 1/e2 is that for higher order beams with multiple peaks it can be
difficult to define the 1/e2 position in a reliable way. Figure 2.17 shows
example images of the beam of a tapered laser diode before, at, and
after the focus point of a 300 mm lens. From these images it is clear
that while the 1/e2 definition can be used for tapered lasers close to
the focus, it can be problematic after the focus where the beam is more
structured.

Figure 2.17: Examples images
of the beam of a collimated
tapered diode laser focused us-
ing a 300 mm lens. The laser
is the 1154 nm laser diode
used in Paper X. The images
are taken with a Spiricon M2-
200s-FW beam profiler sys-
tem.

Due to the limitations of the 1/e2 definition an alternative definition
for the beam size known as 4σ is more commonly used in commercial
settings, as this definition gives more comparable results for a more
diverse set of laser beams. This definition is based on the the second
moment of the beam width which is defined in ISO standard 11146-
2:2005 by an integral over the whole beam

σ2
x =

∫∞
−∞

∫∞
−∞(x− x0)I(x, y)dxdy∫∞
−∞

∫∞
−∞ I(x, y)dxdy

(2.17)

The square root of the second moment is the standard deviation, and
the beam radius in the x-axis is then defined as 2σx. However, the
standard way to calculate the M2 uses the beam diameter instead of
radius and it therefore uses 4σ as the beam width. The main problem
with the 4σ definition is that the further from the center of the beam
the power is, the more weight it is given. While this is good in theory the
problem in practice is that any measurement of the beam will contain
noise. The beam width will, therefore, be overestimated if the measured
area is much larger than the beam it self, as the noise will contribute to
the calculation. For this reason the commercial systems sometimes use
algorithms to find a region of interest within which the second moment
is calculated [37]. In the work related to this thesis all M2 values are
measured using a commercial system of type M2-200s-FW from Ophir-
Spiricon, and the region of interest defined by the M2-200s-FW is also
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shown in Figure 2.17. To calculate the M2 value the beam is imaged
in a number of transverse planes both inside and outside the Rayleigh
range after which the M2-200s-FW calculates the beam widths and fits
to the following equation

W (z)2 = W 2
0 + Θ2(z − z0)2 (2.18)

After fitting to the above equation the M2 can be calculated using
equation 2.16 and the fact that W (z) = 2w(z), W0 = 2w0 and Θ = 2θ
due to the change from radius to diameter. An example of a profile
measured with the M2-200s-FW system with the fit described above is
shown in Figure 2.18. From the figure it is clear that while the beam
profiler gives good values for the y-axis where the beam shape is mostly
independent on the z-location it struggles a little more with the x-axis
where the side-lopes significantly changes the shape with the z-position.
The M2 value of 2 in the vertical axis is typical value for these types
of tapered laser diodes, but the horizontal value highly depends on the
output power. For higher power devices above 10 W the M2 is typically
above 5 when measured using 4σ [17].

Figure 2.18: Example of the
fitted curve according to equa-
tion 2.18 used by the M2-200s-
FW beam profiler to calculate
the M2 values. The data is
from the 1154 nm laser used
in Paper X and the M2 val-
ues are 2.04 and 2.35 in the
vertical (y) and horizontal (x)
axis respectively.
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The M2 value is used to describe the beam quality of the lasers
throughout the work of this thesis as it is the industry standard. However,
it is in fact not the best description of the beam quality, if the goal is to
describe how efficient the beam can be frequency doubled using second
harmonic generation (SHG). The reason is that while and M2 of 1
means 100% of the light is in the fundamental mode, an M2 of 2 does
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not necessarily mean that half of the light is in the fundamental mode.
The SHG process is significantly more efficient for the fundamental
mode than for the higher order modes and for this reason a better
estimate of the suitability of the beam for frequency doubling is known
as the power in central lobe (PCL). The PCL is only meaningful for
laser beams with a clear Gaussian-like central lobe such as the tapered
laser diodes. However, for these it is a good estimation of the amount
of power which is suitable for frequency doubling. The power in central
lobe in the slow axis is estimated by taking an image of the beam in
the focal plane of a lens, and then integrating over the fast axis to get
the power distribution of the slow axis. A Gaussian function is then
fitted to the central lobe of the slow axis. The ratio between the power
contained inside the fit and the total power is then the PCL. A similar
computation can be performed for the fast axis, but since the fast axis
has a high beam quality for all power levels it is often only done for the
slow axis. An example of a power in central lobe estimation is shown in
Figure 2.19.
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Figure 2.19: Example of a fit
used to calculate the power
in central lobe. The ratio be-
tween the area under the fit
and the area under the mea-
surement is the power in cen-
tral lobe. The fit is performed
for values above 50% of the
peak, shown by a dashed line.
The data is from the 1154 nm
laser used in Paper X.

Lastly it should be mentioned that the term brightness is also com-
monly used when describing tapered laser diodes. There seem to be a
general consensus that the brightness is related to the power per area
per solid angle [38, 39], which is related to the divergence angle. In
other words the brightness should increase with the power and decrease
with the M2 value. But a clear definition for lasers is lacking and the
term is mostly used in a descriptive way without being quantified.
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2.3.3 Spectral Characteristics

To achieve lasing the stimulated emission must add up constructively
after a full round-trip in the cavity, this is known as resonant feedback.
This is achieved when the wavelength satisfies the following relation

λ0 = 2Lneff
m

(2.19)

where λ0 is the free space wavelength, L is the length of the cavity,
neff is the effective refractive index of the cavity and m is an integer
known as the longitudinal modes or the Fabry Pérot modes. While
diode lasers are typically multi-mode [40], the DBR grating described
previously provides a high wavelength selectivity for the tapered laser
diodes due to the wavelength dependence on the reflectivity. While the
reflectivity of the DBR grating is wide enough to allow a few longitudinal
modes, the mode with the higher gain will deplete the gain and thereby
stop the neighbouring modes from lasing. This makes the diodes single
frequency for all operating parameters above threshold, assuming no
optical feedback. An example of a spectrum is shown in Figure 2.20.

Figure 2.20: Example of a
spectrum measured on a ta-
pered laser diode. The side-
modes seen at -20 dBc are
measurement artifacts from
the OSA (Advantest Q8347).
The with of the peak is lim-
ited by the OSA resolution to
<4 pm The operating parame-
ters are RW = 250 mA, TA =
9640 mA, heat sink = 20◦C.
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Since the DBR reflectivity is wider than the distance between lon-
gitudinal modes, the change in wavelength with injection currents or
temperature leads to a hysteresis. If the current is increased, the emis-
sion wavelength will also increase until it reaches the edge of the DBR
reflectivity, and then hop back to the neighbouring mode. Similarly if
the current is decreased, but in this case the longitudinal mode-hop
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Figure 2.21: Example of wave-
length change for a DBR ta-
pered laser diode when scan-
ning the ridge waveguide injec-
tion current. The blue dashed
lines are drawn to indicate the
longitudinal modes of the cav-
ity. The TA injection current
is 9640 mA and the heat sink
is 20◦C.

will happen at the other edge of the DBR reflectivity. For this reason
the wavelength will generally be slightly higher when the current, or
temperature, is scanned up (from low to high values) compared to when
it is scanned down. Examples of this can be seen in Figures 2.21 and
2.22, where the peak wavelength is shown as the ridge waveguide and
tapered amplifier injections currents are scanned respectively. In Figure
2.21 each of the longitudinal modes have been illustrated, and from
these it is clear that for a ridge waveguide current of 250 mA the up
scan emits in mode m1 while the down scan emits in the mode m3.
This indicates that, at least for some operating parameter, the DBR
grating can support three different longitudinal modes. A similar effect
can be seen in Figure 2.22 where a double mode-hop occurs during
the up scan, after which the diode stays in the same mode for twice
as wide a current span as usual. If the application only needs single
frequency operation this is not a problem. However, if the application is
dependent on the laser operating in a specific mode then the hysteresis,
and the occurrence of double mode-hops can become a problem, as
it can be difficult to find the correct mode. This is, for example, a
problem when the frequency doubled light of the device is modulated
using the injection currents as described in Papers I and VII. Here
it was seen that the modulation could not be stabilized if it was per-
formed across a mode-hop which limited the modulation depth. A fit
to the overall change in wavelength with the tapered amplifier current
is also shown, yielding a change of 32 pm/A. If a similar measurement
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and fit is performed with respect to temperature instead of tapered
amplifier injection current, the resulting change with wavelength with
temperature is ∼ 80 pm/K.

Figure 2.22: Example of wave-
length change for a DBR ta-
pered laser diode when scan-
ning the Tapered amplifier
injection current. The blue
dashed line is a fit to the over-
all change in wavelength with
the injection current yielding
32 pm/A. The RW injection
current is 250 mA and the
heat sink is 20◦C.
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2.4 DFB Master Oscillator Power Amplifier

2.4.1 DFB Lasers

L

rg1 rg2
Lshifted

rg1 rg2
Figure 2.23: Illustration of
the unshifted (top) and λ/4
shifted (bottom) DFB laser.

A distributed feedback laser employs the same concept as a DBR grating
where a large number of small reflections can add up to a high reflection.
However, where a DBR grating is used as wavelength selective mirror
the DFB laser does not contain discrete mirrors. Instead, the grating
is manufactured over the whole laser cavity. Although the cavity lacks
discrete mirrors it can still be modelled as a cavity with two mirrors,
where the gain is simply included in the complex reflection coefficients
for the two mirrors. However, as the grating is the whole cavity this also
means that the space between any two grating grooves can be assumed
to be the laser cavity for the two-mirror model. This means that the
length of the cavity will only be a quarter of the wavelength which fulfil
the Bragg condition described in equation 2.3. This is illustrated in the
top of Figure 2.23 with L being the length of the modelled cavity and rg1
and rg2 being the complex reflectivities of grating 1 and 2 respectively.
The problem with this type of laser is that because the cavity is only a
quarter of the Bragg wavelength, it is anti-resonant and will therefore
lase at a wavelength that is offset from the Bragg condition. But since
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the system is symmetric, the two modes on either side of the Bragg
wavelength will reach the threshold simultaneously. A degenerate system
like this is not optimal, and for this reason DFB lasers are typically
produced with a λ/4 shift in the center of the DFB grating, illustrated
in the bottom of Figure 2.23. This shift makes the laser resonant at
the Bragg frequency and thereby avoids the degeneracy [22].

2.4.2 Lateral and Vertical Structure

DFB MO PA

AR

Non-absorbing
facet region

Figure 2.24: Illustration of the
lateral structure of a DFB
MOPA device.

While the majority of the laser diodes used during this project was
tapered laser diodes with DBR gratings, the work described in Paper II
and VIII was instead based on distributed feedback (DFB) tapered laser
diodes, also known as DFB master oscillator power amplifiers (MOPAs).
The DFB MOPAs were developed and sold by the company QPC Lasers
Inc. The main difference between the DFB MOPA and the DBR tapered
laser diodes described previously, is that the un-pumped DBR grating
and the ridge waveguide section is replaced with a pumped DFB grating,
which is produced as a buried heterostructure [41]. An overview of the
lateral structure is shown in Figure 2.24. As the DFB grating is a laser
cavity in and of itself, it is known as the master oscillator as it defines
the spectrum of the whole device. For the same reason the tapered
section is known as the power amplifier, as this section is no longer
involved in the laser oscillation but simply works as a power amplifier.
However, for this to be the case in practice it is important to AR coat
the front facet to prevent any reflections from entering the DFB and
possibly disturb the laser oscillation. Beam spoilers or ion implantation
can still be employed to suppress lasing outside the DFB section but
QPC Lasers has not published which, if any, they use. For some device
types QPC Lasers also employ a non-absorbing facet region close to
the front facet. In this facet region the p-cladding and active layer is
removed and then a layer of AlGaAs with a large band-gap is regrown
in its place. This AlGaAs facet region lowers the absorption and blocks
carrier leakage at the facet, leading to an increase in the power threshold
for catastrophic optical damage [42]. Although again, it is not certain if
this technology is also employed for the 1064 nm DFB MOPA devices.

The far field divergence of the emission is <40◦, which indicates
that the device is manufactured with a simple waveguide in the vertical
structure similar to that shown for 1180 nm in Figure 2.5, although
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the actual thickness of the layers and compositions of the materials are
unknown. Similarly QPC does not state what kind of active region is
used.

2.4.3 Emission Characteristics

The DFB MOPAs emitting at 1064 nm and have been shown to achieve
up to 9 W of power with an efficiency above 30% and a side-mode
suppresion ratio above 40 dB [43]. Unfortunately the devices which
are commercially available are currently only specified up to 1.5 W at
1064 nm. While 1.5 W is too low to achieve high efficiency frequency
doubling with the Norlase technology, a few of the devices were used to
test the general technology of a DFB MOPA, to see how it performed
in comparison to the DBR tapered laser diodes.

The DFB MOPAs used in this thesis was C-mounted and emitted 3
W of power at 1065 nm, with an injection current of 150 mA to the
DFB master oscillator and 4 A to the power amplifier. The M2 was
measured using the second moment to be 1.9 and 2.8 in the vertical and
horizontal axis respectively. The change in wavelength with temperature
and PA injection current is similar to that of a DBR tapered laser, but
the change with the MO current is significantly different. For the DFB
MOPA the wavelength increases with increasing MO current, just as for
the DBR laser, see Figure 2.25. However, when a mode-hop occurs the
wavelength hops to an even higher value instead of hopping back down.
This behaviour is due to a high dependence of the Bragg wavelength
on the MO current caused by self-heating effects in the DFB section
[44]. A more important difference from the DBR laser is that there is no
hysteresis in the longitudinal mode behaviour. But, the laser does emit
in multiple longitudinal modes for some MO currents. Nevertheless,
the lack of hysteresis allows for fast and stable wavelength modulation
across mode-hops by modulating the MO injection current.
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Figure 2.25: Longitudinal
mode behaviour of a DFB
MOPA when scanning the MO
injection current. No hystere-
sis is observed but at currents
close to a mode-hop the laser
is emitting in multiple lon-
gitudinal modes. The multi-
mode areas are marked with
a grey background. Reprinted
with minor changes from Pa-
per VIII.

2.5 Optical Feedback

The main goal of this thesis was to create the next generation of visible
lasers based on direct and single pass frequency doubling of high power
tapered diode lasers. However, for a system to become viable outside
of research laboratories factors such as size, cost, reproducibility and
stability become at least as important as output power and available
wavelengths.

A common factor for all the publications related to this thesis where
frequency doubling is performed is that an optical isolation of at least 30
dB, and sometimes 60 dB, is used. The Faraday isolators used to achieve
this isolation are large, costly and introduce strong magnetic fields, all
of which can limit the versatility of the final laser system. During the
thesis the impression also arose that while the reproducibility of the
laser diodes was good in terms of power, beam quality, wavelength and
efficiency, there appeared to be a variation in the feedback sensitivity.
Unfortunately no standards exist for measuring the feedback sensitivity
of laser diodes. For this reason it was decided to have a joint project
between DTU and FBH to establish a measurement method for the
tapered laser diodes.

The theory of optical feedback becomes quite complex for strong
levels of feedback, or if time variations are included. In these cases the
results of the feedback becomes highly dependent on input parameters
such as the phase of the feedback, and for this reason numerical simu-
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lations are needed to obtain results. Furthermore, the input parameters
can be difficult, if not impossible, to control accurately in an experi-
ment, making the link between theory and experiments difficult. For
this reason this section will only deal with steady-state solutions at low
levels of feedback. For a more complete theory the reader is refered to
the work done by Lang and Kobayashi [45].

2.5.1 Optical Feedback in a Simple Laser System

The simplest system which can model optical feedback consists of three
mirrors. The first two form the laser cavity with an oscillating field E(t),
and the third mirror is used to couple the output of the cavity from one
of the first mirrors back into the cavity. It is assumeed that the system
lases in a single longitudinal mode and that the external reflection is
coherent with the internal field. However, for higher levels of feedback
the laser can become multimode or even undergo the so called coherence
collaps, and for these reasons the equations are typically only valid for
low levels of feedback. Nonetheless, they are useful for describing when
the system becomes significantly impacted by the optical feedback. For
such a system the introduction of external optical feedback can be
modelled by introducing a time delayed source term to the Van der Pol
equation for the electrical field [46]

dE
dt =

(
−iω0 + ∆G

2 (1− iα)
)
E(t) + κE(t− τe) (2.20)

where ω0 is the laser frequency without feedback, ∆G is the feedback
induced change in the gain, α is the linewidth enhancement factor, τe
is the round trip delay for the external feedback and κ is related to the
internal round trip time and the mirror power reflectivities by

κ = 1
τs

1−Rs√
Rs

√
Re (2.21)

with τs being the internal round trip time, Rs being the power reflectivity
of the output mirror and Re being the power reflectivity of the external
mirror. It should be noted that while the gain is typically non-linear
with the carrier density, it is assumed that the fluctuations ∆G are
small and can therefore be approximated to be linear. This simple one
dimensional model also assumes that the laser can be described solely
by the electric field and carrier density at the output. In other words
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it assumes no spatial variations inside the laser cavity. There is no
guarantee that this is a good assumption for tapered laser diodes as
these are relatively large devices and contain multiple segments with
different characteristics. Nevertheless, in lack of a more complete theory
it gives a good reference frame for measurements on tapered lasers.
The electric field is assumed to have the form

E(t) = E0e
−iωt (2.22)

From these equations the change in gain and frequency due to external
feedback can be derived [46, 47]

∆G = −2κ cos(ωτe) (2.23)
∆ω ≡ ω − ω0 = −κ(sin(ωτe) + α cos(ωτe)) (2.24)

The change in frequency has the advantage that it is easy to monitor
with a scanning Fabry Pérot Interferometer (sFPI) and it is, therefore,
the one that will be focused on here. Solutions to equation 2.24 for
three values of κτe is shown in Figure 2.26.
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κτ e  =  0 . 1 6
κτ e  =  0 . 5 Figure 2.26: Solutions to

equation 2.24 for three differ-
ent levels of feedback. ω0τe
is the phase of the feedback.
The strength of the feedback
(κ) and the frequency change
(∆ω) are normalized to the
external round trip time. A
linewidth enhancement factor
α = 6 was used.

κτe is a useful parameter to describe how large an impact the feedback
has on the system, because the impact depends both on the strength
of the feedback and the distance to the feedback source [46]. From the
figure it is clear that for low values of κτe the center frequency is only
slightly shifted. In practice this shift is below a few hundred MHz and
is, therefore, not an issue for most systems. However, for high levels of
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κτe the solutions become degenerate as multiple coupled cavity modes
become available. The point at which the solution becomes degenerate
can be shown to be [46] √

1 + α2κτe = 1 (2.25)

For a linewidth enhancement factor of 6 this occurs at κτe = 0.1644
which is also shown in the figure.

2.5.2 Optical Feedback in Diode Lasers

Figure 2.27: Example of the
sFPI signal at feedback levels
just above the transition into
regime II. Reprinted from [46].

In practice the feedback effects on diode lasers have mainly been
studied for high levels of feedback such as external cavity systems or
fiber coupling of the diodes. The studies which take a broader look
on the effects of feedback on single frequency devices have focused
on DFB lasers [46, 48], although some work has also been done on
semiconductor ring lasers [49]. For the DFB lasers five distinct regimes
of feedback could be identified: Regime I ranges from no feedback and
up to the region where the coupled cavity modes become degenerate
as described by equations (2.23), (2.24) and (2.25). In regime II the
modes are degenerate which manifest as mode-hops and a hysteresis in
the frequency when the phase is scanned. The Transition from regime I
to II can be observed on an sFPI as a splitting in the frequency when
the feedback is out of phase with the internal field, see Figure 2.27. In
Regime III the mode-hopping ceases and the laser is again single mode
with a frequency that shifts with the phase of the feedback. Regime IV is
characterised by a large broadening of the lasing linewidth and a drop in
the coherence length of the device. Regime IV is also known as coherence
collapse and has been studied in more detail than the first three regimes
[50, 51]. Lastly in Regime V the external feedback complete takes over
and the laser operates in an external cavity configuration with the
original laser cavity as the gain element. The borders between these 5
regimes has been shown experimentally [46] and studied numerically
[48]. An overview of the regimes is shown in Figure 2.28.

Figure 2.28: Experimentally
determined transitions be-
tween the feedback regimes.
Reprinted from [46].

In Paper VI the optical feedback effects of DBR tapered laser diodes
are examined with a focus on the low levels of feedback and the results
are compared with the regimes described here.
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Second Harmonic Generation

In the near infrared tapered laser diodes provide a highly efficient
way to generate multiple Watts of power with a good beam quality.
Unfortunately, similar devices do not exist in the visible spectrum. In
the blue spectral range, where the visible diodes are the most developed,
broad area lasers are commercially available with several Watts of
power. However, if a good beam quality is necessary the only available
devices are ridge waveguide lasers, which are limited to a few hundred
milliwatt. Furthermore, as the wavelength of the visible diodes increases
the powers drastically decrease, and in the yellow-orange spectral range
devices operating in continuous wave (CW) at room temperature have
only recently been demonstrated. For this reason it is very attractive to
use frequency doubling of the high quality near infrared laser diodes to
reach these wavelengths.

3.1 Frequency Conversion of Plane Waves
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Figure 3.1: When an atom is
affected by an electrical field
the positively charged core
(shown in black) and the neg-
atively charged electron cloud
(grey) can be displaced. The
displacement give rise to a
change in the local electrical
field around the atom, known
as the induced polarization,
which is coupled to the electri-
cal field in the medium.

When the electromagnetic field of the light passes through a material,
it will cause the dipole-moment per unit volume, also known as the
polarization, of the material to oscillate due to the charge of electrons,
see Figure 3.1. Mostly the oscillation of the polarization will have the
same frequency as the light making the process linear. However, if the
polarization of the material is non-linear, and the electrical field of the
light is strong enough, then oscillations of different frequencies can be
induced in the material. These oscillations can then couple electrical
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fields at the different frequencies and thereby transfer power between
them.

Figure 3.2: Schematic repre-
sentation of the energy dia-
gram of the SHG process. The
intermediate energy levels are
shown in dashed lines because
they are virtual, i.e. not real
energy states of the material.

In this thesis the focus has solely been on an effect known as frequency
doubling or second harmonic generation (SHG). SHG is known as a
second order effect, because the efficiency of the process depends on
the square of the intensity of the light. Generally second order frequency
conversion transfers power between three different frequencies, but SHG
is a special case where two of the fields are degenerate. As the process
must obey conservation of energy, it is clear that the frequencies must
satisfy

ω2 = 2ω1 (3.1)

where ω1 is the fundamental frequency and ω2 is the second harmonic
frequency. This is also often shown as an energy diagram such as the
one seen in Figure 3.2. However, it is important to note that unlike the
energy diagrams typically shown for solid state materials these states
are not real energy states of the material. They are, therefore, known as
virtual states and shown as dashed lines. In this section the equations
governing the transfer of power between the frequencies are derived
for plane waves. The light at the fundamental and second harmonic
frequencies are also referred to as the pump and signal respectively.

3.1.1 Non-linear Wave Equation

The process of frequency doubling must obey Maxwells equations

∇×H = J + ∂D
∂t

(3.2)

∇×E = −µ0
∂H
∂t

(3.3)

∇ ·D = ρ (3.4)
∇ ·B = 0 (3.5)

with E being the electric field, B being magnetic field, D being the
displacement field, H being the magnetizing field, J being the current
density, µ0 being the vacuum permeability and ρ being the charge
density. For the materials of interest for this work there is no free charge
or current so that J = 0 and ρ = 0. Furthermore the materials are



3.1. Frequency Conversion of Plane Waves 39

non-magnetic, making

B = µ0H (3.6)
D = ε0E + P (3.7)

where P is the polarization of the material, which depends non-linearly
on the local electrical field in the material. ε0 is the vacuum permittivity.
Taking the curl of equation (3.3) and exchanging the time and spatial
derivatives on the right hand side yields

∇×∇×E = −µ0
∂∇×H
∂t

(3.8)

Using the identity ∇×∇× E = ∇(∇ · E) −∇2E and the fact that
the curl of H can be exchanged for the time derivative of D as there is
no current, the above becomes

∇(∇ ·E)−∇2E = −µ0
∂2D
∂t2

(3.9)

Inserting (3.7) and using the fact that ∇·D = 0 also leads to ∇·E = 0

∇2E = µ0ε0
∂2E
∂t2

+ µ0
∂2P
∂t2

(3.10)

Here P describes all the interactions with the material. This is not very
useful in practice, so P is typically expressed as a power series [52]

P = ε0

(
χ(1)E + χ(2)E2 + χ(3)E3 + ...

)
≡ ε0χ(1)E(t) + ε0PNL

(3.11)

with χ(1) being known as the linear optical susceptibility. χ(2), χ(3) are
known as the second and third order optical susceptibilities. As the
linear part of polarization is often modelled through the linear refractive
index, it is often divided up and the non-linear part used in the wave
equation. This together with the fact that

c = 1
√
ε0µ0

(3.12)

n =
√

ε

ε0
=
√

1 + χ(1) (3.13)
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where c is the speed of light in vacuum and n is the refractive index,
means that (3.10) can be transformed as follows

∇2E = µ0ε0
∂2E
∂t2

+ µ0ε0χ
(1) ∂

2E
∂t2

+ µ0ε0
∂2PNL

∂t2
(3.14)

⇒ ∇2E− n2

c2
∂2E
∂t2

= 1
c2
∂2PNL

∂t2
(3.15)

Equation (3.15) is often known as the non-linear wave equation and all
electrical fields inside the non-linear material must satisfy this equation.
In the following all the fields are assumed to be CW monochromatic
plane-waves propagating along the z-direction both inside and outside
the non-linear material. Furthermore, birefringence is neglected and the
material is assumed lossless and uniform in the transverse plane.

With the above assumptions the electrical field for each of the two
frequencies become scalar quantities and in the absence of a non-linear
source term the solution to (3.15) can be written as

Ej(z, t) = Aj(z)ei(kjz−ωjt) (3.16)

kj = njωj
c

(3.17)

with A(z) being the amplitude of the field and k being the wavenumber.
The subscript j refer to equations for the fundamental frequency ω1

and the second harmonic frequency ω2 respectively. The electrical fields
will give rise to induced non-linear polarizations, which can be written
in the form of an amplitude and a phase

PNL
j (z, t) = PNL

j (z)e−iωjt (3.18)

It should be noted that the complex conjugate have been neglected as
it is unnecessary for any of the following derivations.

Using the degeneracy of the SHG process and equations (3.16) and
(3.18) it can be shown that amplitude of the non-linear polarization for
the two fields is given by [53]

PNL
1 (z) = 4deffA2A

∗
1e
i(k2−k1)z (3.19)

PNL
2 (z) = 2deffA

2
1e

2ik1z (3.20)

where deff is the effective non-linear coefficient of the material describing
how susceptible the non-linear polarization is to the electrical field. In
principle d could be different for the equations above, but due to
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symmetries of the materials and the degeneracy of the fundamental
beams the above expression is generally valid for SHG. d is a material
parameter and is related to the susceptibility by d = 1/2χ(2). Further
discussions on the non-linear coefficient is given in section 3.3.1. It
should be noted that the amplitudes A1 and A2 still depend on z, but
the notation has been dropped to make the expressions more readable.
Third and higher orders have been neglected, as the efficiency of these
are much lower than the efficiency of the second order effect1. Inserting 1 This is not always the case

as second order effects are
suppressed in some materials.
However, the assumption is
valid for most material used
for SHG.

equations (3.16), (3.18) and (3.19) into (3.15) yields

d2A1e
ik1z

dz2 e−iω1t −A1e
ik1z

n2

c2
d2e−iω1t

dt2

= 4deff

c2
A2A

∗
1e
i(k2−k1)z d2e−iω1t

dt2

(3.21)

⇒d2A1

dz2 eik1z + 2dA1

dz ik1e
ik1z −A1k

2
1e
ik1z

+ n2

c2
A1e

ik1zω2
1 = −4deff

c2
A2A

∗
1e
i(k2−k1)zω2

1

(3.22)

Inserting (3.17) causes the third and forth term on the left hand side
to cancel. Furthermore, due to the relatively low efficiency of the non-
linear process it can be assumed that the second order derivative can be
neglected. This is known as the slowly varying envelope approximation
and it simplifies the expression to

dA1

dz = 2iω1deff

n1c
A2A

∗
1e
i∆kz (3.23)

Similarly the relation between the change in amplitude of E2 can be
found to be

dA2

dz = iω2deff

n2c
A2

1e
−i∆kz (3.24)

where ∆k is the phase mismatch defined as2 2 [53] defines ∆k = 2k1 − k2
instead but this appears to be
a less common definition.∆k = k2 − 2k1 (3.25)

3.1.2 Undepleted Pump

Equations (3.23) and (3.24) can be solved to find the amplitudes of
the fundamental and second harmonic fields. However, the solutions
are not trivial, as the equations are coupled. If, on the other hand, the
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amplitude of the generated second harmonic is small compared to the
fundamental, then it can be assumed that the fundamental power is
constant, i.e. A1 is constant. In this case the amplitude of the second
harmonic A2 can be found by integrating (3.24) over the length of the
non-linear material (L)

A2 = iω2deff

n2c
A2

1

∫ L/2

−L/2
ei∆kzdz

= iω2deff

n2c
A2

1

(
ei∆kL/2 − e−i∆kL/2

i∆k

) (3.26)

Using the definition of the sinc function

sinc(x) =


sin(x)
x

= eix − e−ix

2ix , if x 6= 0

1, if x = 0
(3.27)

Equation (3.26) becomes

A2 = iω2deff

n2c
A2

1L sinc
(

∆kL
2

)
(3.28)

By then substituting the amplitude with the intensity and the frequency
with the wavelength

I = 2nε0c|A|2 (3.29)

ω = 2πc
λ

(3.30)

The final expression for the intensity of the second harmonic field after
passing the non-linear material becomes [54]

I2 = 2π2d2
eff

n2n2
1ε0cλ

2
2
I2
1L

2 sinc2
(

∆kL
2

)
(3.31)

The sinc2 function is shown in Figure 3.3.
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Figure 3.3: Plot of the sinc2

function as defined in equation
(3.27) with the x-axis in units
of π.

Equation (3.31) is shown for different values of phase mismatch in
Figure 3.4. Two main conclusions can be drawn from this result: The
first is that if there is no phase mismatch (∆k = 0) then ∆kL = 0
for all material lengths, and the intensity will, therefore, grow with
the length of the material squared. However, if there is a finite phase
mismatch, the intensity will increase to a certain value after which the
power will start to be transferred back into the fundamental wave. After
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the fundamental wave reaches zero the process starts over, resulting in
an oscillating power. As the phase mismatch is increased further the
oscillations occur over shorter distances and the maximum obtainable
power is decreased.
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Figure 3.4: Plots of (3.31) for
different values of ∆kL. Both
the intensity and the length of
the material has been normal-
ized.

3.1.3 Pump Depletion at Phase Match

Another assumption which leads to simple analytical solutions of the
coupled equations (3.23) and (3.24) is the assumption of perfect phase
match, i.e. ∆k = 0. This assumption is true in many practical examples,
as SHG is typically performed in crystals where the phase mismatch
can be tuned using either the angle or the temperature. With this
assumption the coupled equations become

dA1

dz = 2iω1deff

n1c
A2A

∗
1 (3.32)

dA2

dz = iω2deff

n2c
A2

1 (3.33)

Taking the derivative of (3.32) yields

d2A1

dz2 = 2iω1deff

n1c

(
dA2

dz A
∗
1 +A2

dA∗1
dz

)
(3.34)

Inserting equations (3.32) and (3.33) then gives

d2A1

dz2 = −2ω1d
2
eff

n1c2

(
ω2

n2
A1|A1|2 −

2ω1

n1
A1|A2|2

)
(3.35)
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As the material is assumed to be lossless the total power, and therefore
intensity, of the two fields must be constant, i.e.

Itot = I1 + I2 (3.36)

This can also be shown to be true from the non-linear wave equation
[53]. Assuming the second harmonic intensity to be 0 at the entrance
of the crystal this becomes

I1(0) = I1 + I2 (3.37)

⇒ |A2|2 =
n1
(
|A1(0)|2 − |A1|2

)
n2

(3.38)

Inserting this into (3.35) gives

d2A1

dz2 = −2ω1d
2
eff

n1c2

(
ω2

n2
A1|A1|2 −

2ω1

n2
A1|A1(0)|2 + 2ω1

n2
A1|A1|2

)
(3.39)

As ω2 = 2ω1, it is clear that the first and last expression in the
parenthesis are identical, leaving

d2A1

dz2 = 4ω2
1d

2
eff

n1n2c2
|A1(0)|2

(
− 2
|A1(0)|2A1|A1|2 +A1

)
(3.40)

Differential equations of the form

d2f(x)
dx2 = b2

(
− 2
a2 f

3(x) + f(x)
)

(3.41)

are known to have the solution

f(x) = a sech(bx) (3.42)

Therefore, the solution to (3.40) becomes

A1 = |A1(0)| sech
(

2ω1deff√
n1n2c

|A1(0)|z
)

(3.43)

Substituting for the intensity and wavelength yields the following solution
for a crystal of length L

I1(L) = I1(0) sech2 (ΓL) (3.44)

with all the constants in the sech2 combined in

Γ =

√
8π2d2

effI1(0)
n2

1λ
2
1n2ε0c

(3.45)
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As the total intensity is constant and tanh2(x) = 1 − sech2(x), this
yields a similar expression for the second harmonic intensity

I2(L) = I1(0) tanh2 (ΓL) (3.46)

Typically, the main interest is to estimate the conversion efficiency of
the SHG process, which is defined as

η = I2(L)
I1(0) = tanh2 (ΓL) (3.47)

Equations (3.44) and (3.46) are shown together with the result for the
undepleted approximation in Figure 3.5. From the figure it is clear that
the undepleted approximation is valid until the conversion efficiency
reaches ∼ 10%.
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Figure 3.5: The intensity of
the pump and the second har-
monic light as a function of
the crystal length. The inten-
sities are normalized to I1(0),
which means the second har-
monic is equal to the conver-
sion efficiency. The result for
the undepleted approximation
is also shown. From this it is
clear that the undepleted ap-
proximation is valid up to effi-
ciencies of ∼ 10%.

In experimental work Equation (3.44) is typically rewritten in terms
of power:

P2 = P1 tanh2
(√

ηP1

)
(3.48)

where P2 is the second harmonic power after the non-linear material, P1

is the input fundamental power and η is the non-linear efficiency of the
SHG process in %/W. This equation is often used to fit experimental
data at low depletion, and it is then extrapolated to show at which levels
of fundamental power the output becomes affected by, e.g., thermal
effects in the material. Furthermore, measured values of η is a convenient
way to compare the efficiency of different frequency doubling schemes,
since it is independent of the input power.
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3.2 SHG of Focused Beams

3.2.1 The Boyd-Kleinman Theory for Focused Gaussian
Beams

In the previous section it was seen that for a plane wave the efficiency
of the SHG process scales with the the square of the pump intensity
and the length of the crystal (3.31). In practice, however, the light is
always spatially localized, and in most cases it will resemble a Gaussian
distribution. As the beams are localized in space, it is clear that the
intensity can be drastically increased by focusing of the beam. However,
as the beam is focused tightly its divergence angle will also increase,
and the length over which the beam is localized (the Raylength range or
confocal parameter) will therefore decrease, as illustrated in Figure 3.6.
As the efficiency scales equally with the length and intensity, it is clear
that for a given crystal length there must exist an optimal focusing of
the beam.

Tight Focusing

Weak Focusing

Figure 3.6: Schematic repre-
sentation of the tight and
weak focusing regimes.

A comprehensive study on frequency conversion of focused Gaussian
beams was published by G. D. Boyd and D. A. Kleinman in 1968 [55],
and for this reason the theory is commonly known as Boyd-Kleinman
theory. While they studied a wide range of non-linear interactions, this
section will focus solely on the results obtained for SHG. The derivation
for focused Gaussian beams is quite complex and the reader is refered
to [55] for the full deviation. The main result of the Boyd-Kleinman
theory is that the second harmonic power of a circular Gaussian beam
in a crystal is given by33 Boyd and Kleinman used the

cgs unit system, and for this
reason the pre-factor of the
expression here, which is in
SI units, is different from that
given by Boyd and Kleinman.
A full derivation using SI units
can be found in the online su-
plementary material to [54].

P2 =
16π2d2

eff

ε0cλ3
1n2n1

P 2
1 e
−(α1+ 1

2α2)LLh(σ, β, κ, ξ, µ) (3.49)

with P1 and P2 now being the powers and α1 and α2 being the losses
for the fundamental and second harmonic beams respectively. The most
important thing to note from this result is that if h is optimized for each
crystal length, and losses are neglected, then the SHG power depends
linearly on the length on the crystal. This stands in contrast to the plane
wave approximation where power scales quadratically with the length of
the crystal. The term h(σ, β, κ, ξ, µ) is known as the Boyd-Kleinman
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factor with

σ = b∆k
2 (3.50)

β = ρ

θ
(3.51)

κ =
(α1 − 1

2α2)b
2 (3.52)

ξ = L

b
(3.53)

µ = L− 2f
L

(3.54)

where b = 2zR is the confocal parameter, ρ is the angle between
the fundamental wave and the second harmonic wave, also known
as the walk-off angle, θ is the divergence angle given by Equation
(2.15) and f is the position of the focus of the fundamental beam
relative to the crystal. It should be noted that σξ = ∆kL/2, which
represented the phase match in Equation (3.31). h(σ, β, κ, ξ, µ) contains
integrals without analytical solutions. These will not be given here, as the
exact form gives no clear insight into the behaviour. Instead Boyd and
Kleinman evaluated h numerically for several limiting cases. One of the
cases uses the following assumptions, which are valid for many second
order non-linear materials, including the ones used in this work. First
it is assumed that the losses are zero, leading to κ = 0. Furthermore,
if there are no losses one would expect the optimal focus position to
be in the center of the crystal making µ = 0. For plane waves the
efficiency was optimal at ∆k = 0, however, the focused beam contains
rays at angles that are phasematched at non-zero values of ∆k. Even
so, there still exist an optimal value of ∆k, leading to an optimal value
of σ, denoted σm, which depends on the focusing inside the crystal. In
practise the phasematching condition can typically be changed using
e.g. the temperature of the crystal, and for this reason σ is assumed
to always be optimal. With all of these assumptions h(σ, β, κ, ξ, µ) can
be reduced to hm(B, ξ) = h(σm, Bξ−1/2, 0, ξ, 0), where a new variable
B = β

√
ξ is defined to represent the combination of the walk-off (β)

and the focusing strength (ξ). Figure 3.7 shows how hm varies with
the focusing strength for different walk-off parameters. hm has a single
optimal point of 1.068 at ξ = 2.84 for no walk-off, i.e. the confocal
parameter should be a factor of 2.84 shorter than the crystal length
(b = L/2.84). As the walk-off is increased the overlap between the
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fundamental and second harmonic beams is decreased, and for this
reason the optimal focusing shifts to weaker focusing at higher walk-off
to compensate.

Figure 3.7: The Boyd-
Kleinman factor hm as a func-
tion of the focusing strength
for a number of different val-
ues of B. The phasematch σ
is optimized for each point.
For no walk-off the optimal
focusing is ξ = 2.84 leading
to hm = 1.068, while for high
walk-off angles it approaches
ξ = 1.39. Reprinted from [55].

Figure 3.8: σm as a func-
tion of the focusing strength.
The dashed lines are two ap-
proximations for the either the
weak or strong focusing case.
Reprinted from [55].

As mentioned previously, ∆k = 0 is not necessarily the optimal
condition for focused beams. Boyd and Kleinman illustrates this by
evaluating σm for a range of focusing parameters, as seen in Figure 3.8.
From this is it clear that ∆k > 0, however, as σ is proportional to both
∆k and b it does not go to zero at weak focusing because the confocal
parameter here becomes large.

Figure 3.9 instead shows the results from Figure 3.8 multiplied by
ξ. From Figure 3.9 it is clear that ∆k goes to zero as the focusing
becomes weak as expected from the plane wave theory. Furthermore, it
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can be shown that in the limiting case of weak focusing and perfect
phasematch ξ << 1 the Boyd-Kleinman factor h(σ, β, κ, ξ, µ)→ ξ [55].
If this is inserted into Equation (3.49), and the powers are replaced
with the intensities, then Equation (3.49) reduces to (3.31) [54].
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0 . 9
1 . 0 Figure 3.9: Phase mismatch,

represented by σmξ versus the
focusing parameter. The black
line was generated by evaluat-
ing hm numerically, while the
dashed lines are the the same
approximations as given in Fig-
ure 3.8. Here it is clear that
∆k goes to zero for weak fo-
cusing as expected.

The shift in optimal phasematch also results in a skewed phase-
matching curve, where the intensity drops off more rapidly if ξσ is
decreased than if it is increased compared with the optimum. The
resulting SHG phasematching curve for optimal focusing in a lithium
niobate crystal is shown in Figure 3.10 together with an experimen-
tal verification for a Gaussian beam. The dependence of the focusing
parameter for zero walk-off has also been verified [56].

Figure 3.10: Normalized sec-
ond harmonic power (y-axis)
as a function of the phase
mismatch ξσ. The dots are
experimental verifications of
the Boyd-Kleinman Theory.
Reprinted from [56].
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3.2.2 SHG of Structured Beams

In section 2.3.2 it is shown that the emission of a tapered laser diode is
not completely Gaussian, as is assumed in the Boyd-Kleinman theory.
However, it was also shown that the emission does contain the majority
of the power in Gaussian-like central lobe, while the rest of the power is
spread over a number of side lobes. For this reason the intensity of the
central lobe is significantly higher, making the SHG process for this lobe
much more efficient than for the rest of the beam. The result is that
the SHG process works as a kind of spatial mode filter, and the beam
quality of the second harmonic will, therefore, be significantly better
than for the fundamental. An example of this is shown in Figure 3.11 as
a false color plot with a logarithmic color scale to increase the visibility
of the side lobes. A tapered laser diode with an uncommonly poor beam
quality was deliberately chosen for the example to better show the clean
up effect. More common values for the M2

4σ of the tapered laser is
between 2 and 7 depending on the operating parameters, and the M2

4σ
of the second harmonic is typically between 1.1 and 1.4, see Papers I,
V, VII and X.

Figure 3.11: Example of the
beam clean-up seen with SHG
of tapered laser diodes. The
images show beam profiles in
the focus of a 300 mm lens for
the NIR (top) and SHG (bot-
tom). Both are individually
normalized and shown in a log-
arithmic false color plot to in-
crease the visibility of the side
lobes. For the NIR M2

4σ,x =
12.5 and M2

4σ,y = 1.8 while
for the SHG the M2

4σ,x = 1.4
and M2

4σ,y = 1.1

It should be noted that the above result is only true for low to
moderate conversion efficiencies. As the total conversion efficiency
increases so will the conversion efficiency of the side lobes, which will
degrade the beam quality of the second harmonic. Even in the case of a
pure Gaussian input, the beam quality of the second harmonic degrades
at high conversion efficiencies for non-resonant frequency conversion
[57]. This is because the beam waist of the generated second harmonic
will be smaller than the beam waist of the fundamental, leading to spatial
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hole burning and a reduced beam quality of the remaining fundamental
light. Continued SHG conversion of the remaining fundamental therefore
leads to the generation of something similar to higher order modes in
the second harmonic [58].

3.3 Phasematching and Non-Linear Crystals

In the previous sections it became clear that achieving phasematching is
important to ensure a high efficiency of the SHG process. For plane waves
phasematching is achieved at ∆k = 0. While this is not technically true
for focused Gaussian beams, the shift of the phasematching condition
is relatively small and in the following sections it will be shown that in
practice ∆k can often be tuned. For this reason ∆k = 0 is typically
used when calculating the phasematch condition and then in practice
∆k is tuned to slightly higher values.

For SHG of co-propagating beams ∆k = k2− 2k1 = n2−n1 = 0. In
other words the refractive index, and therefore the propagation speed,
must be the same for the two fields. The reason for this is relatively
simple. For each position along the crystal length a second harmonic
field will be generated with a phase that is locked to twice the phase of
the fundamental field. For the newly generated second harmonic field
to add constructively to the existing field the phase accumulation over
the propagated distance must be twice the phase accumulation of the
fundamental field, which again is satisfied if the refractive indices are
identical. However, all materials have a wavelength dependent refractive
index and typically n2 > n1, which is known as normal dispersion. To
understand how phasematching is achieved in non-linear crystals this
section will first give insight into refractive index properties of materials.
Birefringent and quasi phasematching (QPM) will then be described
with a focus on quasi phasematching, as this is the technique used for
the work performed in this thesis.

3.3.1 The Non-linear Coefficient

When the non-linear wave equation for second harmonic generation
was derived in section 3.1.1 an effective non-linear coefficient was used.
In reality the non-linear coefficient depends on the direction of the
polarization for the fundamental fields. While the fundamental fields
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are degenerate in frequency for SHG, two fundamental photons are still
used for the process and they can each be polarized along the three
axes. Furthermore, the generated polarization can also be along any
of the three axes which gives 27 possible combinations. However, the
materials can in general be assumed to be symmetric in at least two
indices and a contracted notation is therefore typically used

dil = dijk = 1
2χ

(2)
ijk (3.55)

This leaves 18 possibilities and the polarization for the second harmonic
can, therefore, be expressed using the following matrix

Px(ω2)
Py(ω2)
Pz(ω2)

 = 2ε0

d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36




Ex(ω1)2

Ey(ω1)2

Ez(ω1)2

2Ey(ω1)Ez(ω1)
2Ex(ω1)Ez(ω1)
2Ex(ω1)Ey(ω1)


(3.56)

with the subscript referring to the axis along which the field is polarized.
From this it is clear that even if the fundamental is polarized along one
of the axis, it can generate a second harmonic field with a different
polarization. However, as the non-linear materials used for SHG are
crystals, they typically have additional symmetries, which can be used
to further reduce the matrix. One such example is known as symmetry
class 3m, which reduces the matrix to 0 0 0 0 d15 −d22

−d22 d22 0 d15 0 0
d31 d31 d33 0 0 0

 (3.57)

The matrix can be reduced even further if one assumes that the non-
linear susceptibility (χ(2)) is independent of the frequency of the applied
field. Using this assumption it can be shown that d31 = d15 and the
final matrix for the class 3m symmetry becomes [52] 0 0 0 0 d31 −d22

−d22 d22 0 d31 0 0
d31 d31 d33 0 0 0

 (3.58)

This is known as Kleinman symmetry and it has been shown to be
generally applicable [59]. The matrix in (3.58) is therefore often shown
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as the matrix for class 3m. This particular symmetry class is important
here as it is applicable for both lithium niobate and lithium tantalate,
which are the materials used in this work.

3.3.2 Lithium Niobate

Lithium niobate (LiNbO3) is one of the most commonly used non-linear
crystals due to its high non-linear efficiency and low absorption in the
visible and near infrared. Especially the suitability for frequency doubling
of Nd:YAG lasers using both birefringent phasematching and QPM has
lead to widespread use of this material. The main problem with lithium
niobate is its tendency to exhibit photorefractive effects at high optical
power, especially at high visible powers. The problem can be signifi-
cantly reduced by keeping the crystal over the annealing temperature
of ∼180◦C, but this limits the possible phasematching wavelengths and
increases the thermal load on the system. Fortunately it was found
that introducing a small amount of MgO into the growth process of
the crystal leads to a significant reduction in the photorefractive effect
[54], today most crystals are made with 5 mol.% MgO. Additionally
lithium niobate has the advantage that the ferroelectric domains can be
permanently inverted using strong electrical fields. The inversion of the
domains will lead to a change in the sign of the non-linear coefficient,
which can be used to achieve QPM. This post-growth technique of
introducing the necessary periodic structure makes lithium niobate very
attractive for QPM.

5% MgO:CLN
ne no

a1 5.756 5.653
a2 0.0983 0.1185
a3 0.2020 0.2091
a4 189.32 89.61
a5 12.52 10.85
a6 1.32E−2 1.97E−2

b1 2.860E−6 7.941E−7

b2 4.700E−8 3.134E−8

b3 6.113E−8 -4.641E−9

b4 1.516E−4 -2.188E−6

T0 24.5◦C 24.5◦C
Tl 20◦C 20◦C
Th 200◦C 100◦C
λl 0.5 µm 0.5 µm
λh 4 µm 1.62 µm

Table 3.1: Sellmeier coeffi-
cients for 5 mol.% MgO con-
gruent lithium niobate [60].
The coefficients are valid for
the intervals specified by the
low/high values denoted l and
h.

To calculate when phasematching is achieved, it is necesarry to know
the refractive index of the material. It is typically characterised using
the Sellmeier equations [60]

n2 = a1 + b1f + a2 + b2f

λ2 − (a3 + b3f)2 + a4 + b4f

λ2 − a2
5
− a6λ

2 (3.59)

f = (T − T0)(T + T0 + 2× 273.16) (3.60)

where T is the temperature of the crystal in Celsius, T0 is a reference
temperature and λ is the wavelength in µm. The constants a and b are
known as Sellmeier coefficients.

Lithium niobate is a birefringent material, which means the refractive
index depends on the direction of the polarization compared to the
crystallographic axes. For lithium niobate the optical anisotropy is along
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a single axis, and it is, therefore, known as a uniaxial crystal. This axis
is known as the optic axis, and the crystallographic coordinate system
is typically defined such that the optic axis is along the z-axis [55].
The refractive index is divided up into the ordinary refractive index
no and the extraordinary refractive index ne. no covers light polarized
perpendicular to the optic axis (in this case light in the xy-plane), while
ne covers light which is polarized orthogonally to the optic axis. The
Sellmeier coefficients depends on the type of crystal growth and the
doping. The coefficients for 5% MgO congruent lithium niobate is given
in Table 3.1, as this is the type used for this work.

Figure 3.12: Plot of the Sell-
meier equation (3.59) for 5%
MgO lithium niobate at 25◦C.
From the figure it is clear that
at this temperature ne = no
for SHG of 1030 nm to 515
nm, if the fundamental is po-
larized in the ordinary axes and
the second harmonic in the ex-
traordinary.
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Figure 3.12 shows the Sellmeier equation for the ordinary and ex-
traordinary refractive index of lithium niobate. From this figure it is clear
that there exist some wavelengths at which ne(ω2) = no(ω1). In other
words, phasematching can be achieved if the fundamental and second
harmonic are orthogonally polarized. The wavelengths for which this
is true will shift with the temperature of the crystal, as the refractive
index change is different for the two polarizations. This can be seen
from the b coefficients in Table 3.1. Using the parameters given here it
can be calculated that phasematching will occur for 1064 nm at 52◦C.

The non-linear coefficients have been measured to

d33 = 25 pm/V, d31 = 4.4 pm/V, d22 ≈ 2.4 pm/V (3.61)

d33 and d31 was measured for 5% MgO:CLN at 1064 nm [61], while
d22 has received less attention due to the fact that the coefficient is



3.3. Phasematching and Non-Linear Crystals 55

low and that it is only used to induce a polarization along the ordinary
axis, meaning it cannot be used for birefringent phasematching. The
value for d22 is therefore for pure LN [59]4 measured at 1058 nm. 4 In [59] the values presented

are normalized to d36 for
Potassium Dihydrogen Phos-
phate (KDP) which is 0.38
pm/V [62]. The value here is,
therefore, corrected for this.

The thermal expansion is given by [63]

∆ly
ly

= (1.59× 10−5)(T − 25◦C) + (4.9× 10−9)(T − 25◦C)2 (3.62)

3.3.3 Lithium Tantalate

ne for 1% MgO:SLT
A 4.502483
B 0.007294
C 0.185087
D -0.02357
E 0.073423
F 0.199595
G 0.001
H 7.99724
b 3.483933E−8

c 1.607839E−8

Tl 30◦C
Th 200◦C
λl 0.39 µm
λh 4.1 µm

Table 3.2: Sellmeier coeffi-
cients for 1 mol.% MgO sto-
ichiometric lithium tantalate
[64]. The coefficients are valid
for the intervals specified by
the low/high values denoted l
and h.

Lithium Tantalate (LiTaO3) is in many ways similar to lithium niobate
described above. There are two main differences compared to lithium
niobate: Firstly, the absorption in the UV and the blue/green region
is lower. Secondly, the birefringence is also lower, making birefringent
phasematching impossible. Since the crystal is only usable with QPM,
the temperature dependence of the ordinary refractive index has not
seen a lot of study. The extra ordinary refractive index is given by [64]:

n2
e = A+ B + bT 2

λ2 − (C + cT 2)2 + E

λ2 − F 2 + G

λ2 −H2 +Dλ2 (3.63)

where T is the temperature in Kelvin and λ is the wavelength in µm.
The measurement was performed for 1% mol. MgO stoichiometric
lithium tantalate (MgO:SLT). The coefficients are given in Table 3.2
and the result is shown in Figure 3.13. The figure also shows values of
ne and no taken from [65], but the equations for those are not given,
since they do not include a temperature dependence. From the figure it
is clear that lithium tantalate is only birefringent to a very small degree.

The non-linear coefficients of 1% MgO-doped lithium tantalate are
also significantly lower than for lithium niobate [61]

d33 = 13.8 pm/V, d31 = 0.85 pm/V (3.64)

The thermal expansion is given by [63]

∆ly
ly

= (1.54× 10−5)(T − 25◦C) + (7.0× 10−9)(T − 25◦C)2 (3.65)
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Figure 3.13: Refractive in-
dex for 1 mol.% MgO stoi-
chiometric lithium tantalate.
The solid black line is equa-
tion 3.63 from [64]. The dot-
ted lines are ne (red) and n0
(blue) for un-doped SLT and
are only given for 20◦C [65].
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3.3.4 Birefringent Phasematching

In Figure 3.12 it was shown that the birefringence of a material, such
as lithium niobate, can be used to compensate for the dispersion of
the material and achieving phasematching. However, if the refractive
indices are only changed with temperature the wavelengths which can be
phasematched are rather limited. At the same time some wavelengths
of interest are at temperatures below the annealing temperature of
lithium niobate, which leads to problems with photorefractive effects in
un-doped crystals.

The solution to this problem is quite simple, as the extraordinary
refractive index (ne) also depends on the angle of propagation relative to
the optic axis of the material. The optic axis is defined as the propagation
direction where the ordinary and extra ordinary refractive indices are
identical. With this definition it can be shown that the extraordinary
refractive index depends on the angle between the direction of the
polarization and the optic axis as follows [66]:

ne(θ) =
(

cos2(θ)
n2
o

+ sin2(θ)
n2
e

)−1/2

(3.66)

with θ being the angle to the optic axis.
Angle tuned birefringent phasematching comes with the disadvantage

that the wavevector k (which defines the propagation direction) and
the Pointing vector (defining the direction of the energy flow) are not
parallel. In other words the fundamental beam and the generated second
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harmonic will have different propagation directions. The angle between
the two is known as the walk-off angle, and if it becomes large enough
it will limit the efficiency of the process, since the overlap between the
two beams will decrease. At high walk-off angles this can also lead to a
smearing of the SHG beam, since the part generated at the beginning of
the crystal will not overlap completely with the part generated at the end
of the crystal. For this reason angle tuned birefringent phasematching
has decreased in popularity for single pass SHG as high quality QPM
structures has become available.

3.3.5 Quasi Phasematching (QPM)

In section 3.1.2 it is described how the intensity of the SHG depends on
the product of the crystal length and the phase-mismatch ∆kL. The
result is that any phase-mismatch will lead to an SHG power which
oscillates with the crystal length. This is because the power will couple
back to the pump when the accumulated phase difference between the
fundamental and the second harmonic becomes π. The distance at
which a phase-shift of π has accumulated is often called the coherence
length of the material (Lcoh)5. Since the accumulated phase shift is 5 It should be noted that tech-

nically the two fields are co-
herent throughout the crys-
tal. However, this is the term
that is commonly used. Some
also define Lcoh as the length
which gives a 2π phase shift.

given by ∆kL, the coherence length is given by

Lcoh = π

∆k (3.67)

If one imagines that a phase-shift of π could be introduced inside
the material just at the coherence length, then there would still be
constructive interference and the SHG field would continue to grow.
As the crystal is not completely phasematched, the power will increase
slower for QPM than for ideal birefringent phasematching, but no
birefringence is needed. This means that QPM can be used to access a
non-linear coefficient which cannot be phasematched using birefringence.
In the case of lithium niobate this makes it possible to use the d33

coefficient, which is ∼ 5.6 times higher than d31, which is available using
birefringence. A phase-shift of π after each coherence length is known as
1st order QPM. In principle the phase-shift can also occur after mLcoh

where m is the QPM order, but for all the even orders the phase-shift
will cancel. Higher orders of QPM where m is odd can be used, but will
be significantly less efficient than first order. QPM effectively introduces
a wavevector for the periodic structure in the material (kQPM), but it
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also leads to a reduction of the effective non-linear coefficient so that
[66]

∆k = k2 − 2k1 ± kQPM (3.68)

dQPM = 2d
mπ

(3.69)

where kQPM is the wavevector for the QPM structure, which is given
by kQPM = 2π/Λ with Λ being the period of the QPM structure. m is
the QPM order and d is the non-linear coefficient of the crystal. As in
the previous sections the ideal phasematch for plane-waves is achieved
with ∆k = 0, which means Λ = 2Lcoh. For lithium niobate the QPM
structure is produced by inverting the ferroelectric domains, leading to
a change in the sign of the non-linear coefficient. This is equivalent to
introducing a phase-shift.

Figure 3.14: Intensity of the
SHG using QPM compared
with the plane-wave approx-
imation. The solid lines are
plots of equation (3.31) with
∆k = 0 unless otherwise
stated. The dashed QPM lines
are plotted using equation
(3.26), with ∆kLcoh = ±π
where the sign changes every
1 or 3 times Lcoh for 1st and
3rd order QPM respectively.

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 20 . 0

0 . 5

1 . 0

1 . 5

2 . 0

Figure 3.14 shows how the SHG intensity depends on the crystal
length for QPM compared to ideal phasematching for plane-waves. The
solid lines are all plots of Equation (3.31) with deff and ∆kL given in the
figure. The blue line using deff = d33 is only shown for reference, as this
case cannot be phasematched using birefringence. The black lines are
the approximations for perfect QPM using 1st and 3rd order structures,
while the dashed red lines are plots of the intensity calculated using
equation (3.26) with a periodic phase shift. It is clear that while the
actual intensity fluctuates inside each slab of crystal, the approximations
given by Equations (3.68) and (3.69) are accurate at the end of each
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slab and they are therefore good approximations in real crystals, which
contain hundreds or even thousands of slabs.

Crystals for QPM with a periodic reversal of the domain orientation,
such as lithium niobate and tantalate, are known as periodically poled
crystals. All the SHG work performed during this thesis was done using
QPM phasematching, see Papers I-II, IV-V and VII-X.

3.3.6 Tuning and Tolerances of Periodically Poled Crystals

Achieving efficient SHG with QPM requires equation (3.68) to be
fulfilled. If plane-waves are assumed the SHG intensity is given by
Equation (3.31), i.e.

I ∝ sinc
(

∆kL
2

)2
(3.70)

∆k will depend non-linearly on the temperature and the wavelength, as
the refractive index of each beam depends on the wavelength and the
temperature, and the crystal period also depends on the temperature.
For a given crystal a change in wavelength or temperature will lead
to a phase-mismatch and a decreased efficiency. This dependency is
known as the acceptance curve for the crystal. According to the Boyd-
Kleinman theory the efficiency of the crystal will scale with the length,
but Equation (3.70) shows that the longer crystal comes with the
downside of a smaller acceptance bandwidth. Theoretical wavelength
and temperature acceptance curves for a 40 mm long PPLN crystal is
shown in Figure 3.15. The figure include the 95% width as this gives a
good indication of the fluctuations that are acceptable to maintain a
stable output. According to theory the wavelength must be kept within
a 15 pm span, which means the DBR tapered laser diode should be
locked to a single mode, as the longitudinal mode spacing is typically
25 pm, see section 2.3.3. The temperature must be controlled within
0.1◦C, which can easily be done using a Peltier element.

Similarly the period of the poled structure must be produced with a
high precision, as the efficiency also decreases rapidly if the period is
changed, as shown to the left in Figure 3.16. However, in practice it is
more important to avoid duty-cycle errors and chirping of the structure.
If the period is slightly off, the temperature of the crystal can be tuned
to access a wide wavelength range, as shown to the right in Figure 3.16.
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Figure 3.15: Wavelength (left)
and temperature (right) ac-
ceptance curves for period-
ically poled lithium niobate
(PPLN). The curves are calcu-
lated using Equations (3.70)
and (3.68) with the Sellmeier
equations and thermal expan-
sion given in section 3.3.2.
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Figure 3.16: Period toler-
ance (left) and phasematched
wavelength (right) for period-
ically poled lithium niobate
(PPLN). The curves are calcu-
lated using Equations (3.70)
and (3.68) with the Sellmeier
equations and thermal expan-
sion given in section 3.3.2.
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In real crystals the acceptance curves are slightly wider due to duty-
cycle errors and chirps in the period. They are also typically skewed
due to the use of focused beams, see Figure 3.10. Nevertheless, the
values shown here are good estimates. More information on tuning
and tolerances of special types of QPM structures such as chirped or
tapered structures can be found in [67].

The tight tolerances of the non-linear crystals also make them suitable
for use as a wavelength dependent filter. This is utilized in Papers
IV and IX to make a high speed wavemeter in order to examine the
turn-on behaviour of a tapered diode laser.

3.4 Power Scaling of SHG

For plane waves equation (3.31) states that in the case of perfect phase
match the intensity of the second harmonic scales with the square of the
non-linear coefficient (d2

eff ), the crystal length (L2) and the intensity
of the fundamental beam (I2). Unfortunately the non-linear coefficient
is defined by the material, and it is, therefore, limited by the availability
of materials, which have a low losses and where phasematching can be
achieved. For SHG from the near infrared to the visible lithium niobate
have the largest available coefficient, and it is, therefore, often the
material of choice. This leaves the intensity and the crystal geometry
as the main parameters for optimization. Clearly the easy solution is to
simply scale the input power, but for most systems this is limited by
the available laser. This section will, therefore, focus on ways to scale
the SHG power by increasing the efficiency of the SHG process.

3.4.1 Resonator Enhanced SHG

The most widely used method for increasing the SHG efficiency is to
enhance the intensity of the fundamental light using a resonator. This
can be done in two ways: The non-linear crystal can be placed inside the
laser cavity, or the laser can be locked to an external resonator containing
the non-linear crystal. These approaches are known as intra-cavity and
external cavity SHG respectively6. 6 The terms "cavity" and "res-

onator" are often used inter-
changeably in laser physics.

In many cases the laser used will be a diode pumped solid state
(DPSS) laser. A sketch of a simple end pumped DPSS laser with a
non-linear crystal for intra cavity frequency doubling is shown in Figure
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Figure 3.17: Schematic of sim-
ple frequency doubled diode
pumped solid state (DPSS)
laser. M1 will often consist of
a coating directly on the back
of the gain medium if this is a
laser crystal.

M1 M2

Gain
Medium

Non-linear
Crystal

Pump Output

3.17. For a NIR DPSS laser without the non-linear crystal M1 will
be AR and HR coated for the pump and fundamental wavelengths
respectively, while the reflectivity of M2 must be balanced with the
cavity losses to achieve optimal output power. If instead both mirrors are
HR coated for the fundamental, the circulating field inside the resonator
can become orders of magnitude higher than the pump light, making
efficient SHG possible with inefficient non-linear crystals. In theory it
is possible to achieve the same output power in the second harmonic
as would be possible in the fundamental [68]. As is often the case
there are limitations in practice such as the extra NIR loss due to the
non-linear crystal. Nevertheless, the optimal second harmonic output
can exceed 65% of the optimal NIR output from the same cavity [69].
Output powers above 60 W at 532 nm have been demonstrated with
DPSS lasers [70] and optically pumped semiconductor lasers (OPSL)
[71]. The OPSL is similar to a DPSS laser except that the gain medium
is a semiconductor disk instead of a solid state laser crystal.

Figure 3.18: Gain, loss and in-
tensity (int) for the first mode
in an intra-cavity frequency
doubled solid state laser sup-
porting 2 longitudinal modes.
Reprinted from [72].

A simple intra-cavity doubling scheme like the one shown in Figure
3.17 suffers from a problem known as the "green problem". The problem
stems from the fact that the laser cavity will oscillate in multiple
longitudinal modes, which are so closely spaced that they fall within the
acceptance bandwidth of the non-linear crystal. The non-linear crystal,
therefore, introduces an intensity dependent loss for each of the modes.
In addition to the SHG of each of the modes being phasematched, the
sum frequency mixing of the two modes is also phasematched. The sum
frequency mixing couples the loss of each mode to the other modes,
making the intensity oscillate. It can be shown both experimentally
and theoretically that if there exist only two modes in the cavity, the
intensity of each will oscillate exactly out of phase with the other, and
the total intensity becomes a series of large intensity spikes with only a
small CW portion [72].

There are 3 types of solutions to the "green problem": The first is to
limit the cavity to single mode operation using, for instance, an etalon.
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The main disadvantage of this is that the cavity becomes very sensitive
to misalignment or changes in the cavity length from e.g. temperature.
The second solution is to ensure that the cavity supports a large number
of longitudinal modes. This makes the coupling between each mode
very weak and prevents any modes from becoming strong enough to
induce the oscillations in the output. It has been shown that a few
hundred longitudinal modes is enough to ensure stability [73]. The third
solution is to design a system where the sum frequency mixing process
is suppressed, thereby decoupling the gain of the modes. While this has
been demonstrated [74], the two other solutions are more common.

Bow Tie Resonator

Monolithic SHG Resonator

Figure 3.19: Schematic of two
types of external cavities for
SHG. The top one is a bow-tie
ring resonator and the bottom
is a monolithic SHG resonator.

For many laser systems intra-cavity frequency doubling is not an
option, as the non-linear crystal simply cannot be placed inside the
laser cavity. In this case the laser must be coupled into an external
resonator with the sole purpose of increasing the circulating field to
achieve efficient SHG. Overall there are two types of cavities which are
used for this: A free space resonator and a monolithic resonator. In
the monolithic resonator the non-linear crystal is polished to reflect the
light around inside the crystal. Schematic examples of both are shown
in Figure 3.19. Both the examples shown are ring cavities, because
these have 2 major advantages over linear cavities. Firstly, in a linear
resonator any light that is not coupled into the resonator will be directed
straight back into the laser, and as was reported in section 2.5 this can
disrupt the laser oscillation. Secondly, in a linear resonator a second
harmonic field will be generated in each direction, which means care
must be taken to ensure that both directions are in phase for them to
add constructively.

It can be shown that the ratio between the circulating power inside
the resonator and the incoming power can be expressed by [75]

Pcirc
Pin

= 1−R1(
1−
√
R1
√

1− α
)2 (3.71)

where R1 is the power reflectivity of the in-coupling mirror and α is
the loss in the cavity. The maximum circulating power is obtained for
R1 = 1−α and for this value the expression reduces to Pcirc/Pin = 1/α.
The circulating power as a function of R1 is shown in Figure 3.20. It is
clear that if the losses inside the external cavity are minimized, then the
intensity of the fundamental can be increased over a hundred fold.

The main issue with an external cavities is to make an efficient
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Figure 3.20: Ratio between
the circulating and incoming
power as a function of R1 for
an external cavity with 3 dif-
ferent internal losses.
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coupling of the light into the resonator. As with laser cavities the
external resonator only supports certain frequencies, and the spacing
between these frequencies is known as the free spectral range (FSR) of
the resonator. This is given by FSR = c/lop, where lop is the optical
length of the cavity. To achieve efficient coupling, the linewidth of the
laser must lie within a small band around one of these frequencies given
by [75]

∆fFWHM = FSR
π

1−
√
R1(1− α)

(R1(1− α))1/4 (3.72)

For convenience the finesse, defined as F = FSR/∆fFWHM, is typically
used to define the resonator together with the FSR. If, for example,
R1 = 1− α = 0.99, lop = 1 m and the resonator losses are assumed to
be constant, then FSR = 300 MHz and ∆fFWHM = 1 MHz. Both the
FSR and the bandwidth is inversely proportional to the cavity length.
The tight tolerances of the resonator means that equally tight control
must be exerted over the laser, or alternatively electronic tuning of the
external resonator length can be used to lock the resonator to the laser
frequency. While external cavities have demonstrated up to 130 W with
an SHG efficiency of 90% [76], the high complexity typically makes
them expensive laser systems and the use of a resonator makes them
as susceptible to external perturbations, e.g. temperature fluctuations,
as intra-cavity systems. For this reason no external cavities are used in
this work.
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3.4.2 Wave Guide Crystals

The Boyd-Kleinman theory showed that the SHG efficiency in a bulk
crystal can be increased by focusing a Gaussian beam. However, as
the focus becomes stronger the Rayleigh range decreases as given by
equation 2.14. In a waveguide these parameters are de-coupled, so that
a small spot size can be maintained over long distances. In principle
this is the ideal situation for non-linear interactions, and they can
indeed yield conversion efficiencies between 50 and 70% for single pass
SHG with fundamental powers around 200 mW at 1064 nm [77–79].
The conversion efficiency becomes lower when the coupling loss into
the waveguide is included, but the main problem with with waveguide
crystals is thermal handling. A decrease in the conversion efficiency
is often experienced at second harmonic output powers near 500 mW
at 532 nm [79, 80] due to green induced infrared absorption. The
problem can, to a certain extent, be compensated for by changing the
mount temperature, but at high power the thermally induced lensing will
become strong enough to deteriorate the beam quality of the output.
For this reason waveguide based SHG seems to saturate at second
harmonic output powers around 1 W in the yellow-orange spectral range
[81, 82], and the problem only worsens as the visible wavelength is
decreased.

At second harmonic powers above 1 W the efficiency of long bulk
crystals (>30 mm) approaches that of the waveguide crystals. This,
together with the lower insertion loss and easier beam shaping, makes
bulk crystals preferable for Watt level lasers in the green-yellow spectral
range [83, 84].

3.4.3 Multi-pass SHG

An alternative solution to increase the efficiency of the SHG process
is to increase the length of the crystal instead of the intensity of the
fundamental light. However, this pose two problems: Firstly it was seen
from equation 3.49 that for Gaussian beams with optimal focusing the
second harmonic power scales linearly, instead of quadratically, with
the length of the crystal. Secondly there are practical limitations on
how large the crystals can be produced while maintaining a high quality
polling.

Interestingly both problems can be mitigated by simply making
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multiple passes of the same crystal. After a number of passes through
the same crystal the resulting second harmonic field can be expressed
as the sum of the generated field from each pass

E2 =
N∑
n=1

E
(n)
2 (3.73)

where N is the number of passes and E(n)
2 is the second harmonic field

after the n’th pass. It was shown previously that the generated field
is proportional to the square of the intensity and, therefore, also to
the square of the power of the fundamental field. If it is assumed that
the contribution from each pass adds constructively and that perfect
phasematching is achieved, then the generated field after each pass of
the crystal can be expressed as

E
(n)
2 =

√
η̄nLnP1 (3.74)

where η̄n is the non-linear efficiency per unit length given in %/(W
cm) and Ln is the optical path length, both for the n’th pass of the
crystal. If depletion and thermal effects are neglected, and it is assumed
that the beam is refocused to the optimal focusing between each pass
through the crystal, then the total power is given by

P2 =
(

N∑
n=1

√
η̄nLnP1

)2

= N2η̄LP 2
1 (3.75)

To ensure that the generated field from each pass adds constructively,
any phase shift between the fundamental and second harmonic fields,
such as that from propagation in the air, must be corrected before
the light enters the crystal on the next pass. Nevertheless, when the
phase is corrected multiple passes of the same crystal will scale the
total second harmonic power by the square of the number of passes
(N2). This result holds for both plane waves and focused beams and
has been experimentally validated [85, 86]. For plane waves this result
is equivalent to simply increasing the length of the crystal. However,
the reason that it also works for focused beams is that the beam is
refocused for each pass, which allows for tighter focus than would be
viable in a longer crystal.

In practice there are two disadvantages to multiple passes of the same
crystal. Firstly, it can be difficult to avoid sending some of the residual
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NIR light back towards the laser, increasing the risk of instabilities due
to optical feedback. Secondly, while the crystals used are bulk crystals,
making the thermal handling better than for the waveguide crystals,
the achievable output power is still limited by the thermal load of the
crystal [87, 88]. For lithium niobate for example, the beam quality of
the second harmonic will start to degrade around 3 W. To achieve
higher powers a crystal with better thermal conductivity, such as lithium
tantalate, is needed, but then the non-linear efficiency is significantly
lower and higher input powers are needed to achieve the same level of
second harmonic power.

3.4.4 Cascaded SHG

One thing Equation (3.75) does not assume is that each pass must
be through the same crystal. Instead the light can be passed through
multiple crystals with n now referring to each crystal in a cascade of
non-linear crystals. The result on the far right of equation (3.75) still
holds if all the crystals are identical. Different types and/or lengths of
crystals can also be used, but then the length and efficiency of each
crystal must be inserted into Equation (3.75). The concept of cascaded
SHG was first shown by Fluck and Günter [89]. Several other groups
have since demonstrated a scaling of close to 4 times for two identical
crystals in a cascade configuration [90–92].

Compared to multiple passes in a single crystal the cascade will, of
course, have a larger foot print, but since the light only propagates
in one direction in each crystal there is no increased risk of optical
feedback. Furthermore, the fact that multiple crystals are used means
that a crystal with a high efficiency, e.g. lithium niobate, can be used
in the first step where the generated power is low, and then a crystal
with a higher thermal conductivity and lower absorption, e.g. lithium
tantalate, can be used in the second step. This way, higher output
powers can be achieved than if a system of identical crystals is used
for the cascade [92]. Using this concept 5.5 W of power at 532 nm has
been demonstrated using SFG of two tapered laser diodes with a total
conversion efficiency of 38%, or 50% when considering the power in
central lobe [93].

A sketch of the typical setup used for cascaded frequency doubling
of a DBR tapered laser diode is shown in Figure 3.21. The laser diode
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Figure 3.21: Sketch of the typ-
ical setup used for cascaded
frequency doubling of a DBR
tapered laser diode. The phase
plate is a piece of uncoated
glass placed at Brewsters an-
gle and rotated to adjust the
phase between the fundamen-
tal and second harmonic at the
entrance of the second crystal.
The setup is based on the one
described in [92].

/2

1st Crystal

2nd Crystal

Phase plate

is collimated and passed through an optical isolator to limit the optical
feedback. The fundamental light is then focused into the first crystal for
SHG. Two curved mirrors are used for collimation and refocusing of both
the fundamental and second harmonic to avoid chromatic aberrations.
Adjustment of the phase shift between the two beams is done by placing
a piece of glass in between the two curved mirrors, henceforth known as
the phase plate. The phase plate is uncoated but placed at Brewster’s
angle to avoid loss from Fresnell reflections. When the phase plate is
rotated around the vertical axis the optical path-length for each beam
inside the glass will change, and the phase can thereby be tuned. It
has been demonstrated that in the case of two identical PPLN crystals
this technique can vary the cascade enhancement (κ0) between 361 %
and 4 % [92], as is shown in Figure 3.22. The cascade enchancement is
defined as the ratio between the total second harmonic output power
from the cascade and the second harmonic power generated by the first
crystal.

Figure 3.22: Cascade enhance-
ment as a function of the rota-
tion of the phase plate. Dots
are measurement point and
the line is a theoretical calcu-
lation normalized to the maxi-
mum and minimum values of
the experiment. The phase off-
set between the fundamental
and second harmonic for the
theoretical curve was fitted at
0◦ rotation. Reprinted from
[92].



3.4. Power Scaling of SHG 69

In the plane-wave approximation the cascade case of two identical
crystals is equivalent to a single crystal of twice the length, and so
one might expect the acceptance curves to be similar as well. The
wavelength acceptance curve of a cascade system of two identical
crystals is shown in Figure 3.23. It clearly shows that the FWHM of
the cascade acceptance is roughly half of that of a single crystal, as
expected. However, very prominent side lobes are also present. While
the origin of these wavelength acceptance side lobes is not entirely clear.
One hypothesis is that the phase plate is not capable of completely
compensating for the phase shift. This could be because the fundamental
beam contains many higher order modes, which will propagate at other
angles than the Gaussian central lobe thereby experiencing a slightly
different phase shift than the central lobe. As the wavelength is scanned,
some of higher order parts of the beam might become phasematched
in the crystal and phase compensated, yielding secondary peaks in the
acceptance curve.
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Figure 3.23: Wavelength ac-
ceptance curve of a single 40
mm long PPLN crystal (red)
together with the acceptance
curve of a cascade system with
the second crystal being iden-
tical to the first crystal. The
blue line indicates the wave-
length change occurring from
a longitudinal mode hop of the
tapered laser diode. Reprinted
from Paper V.

The temperature acceptance as a function of each crystal temperature
in a cascade of a PPLN and a PPLT crystal is shown in Figure 3.24. The
wavelength acceptance curve should be equivalent to a diagonal scan of
the temperatures at constructive interference. A similar structure with a
high side lobe is apparent in the experimental data for the temperature
acceptance. The experimental data at constructive interference are
indeed similar to what would be expected for a slightly sub-optimal
phase compensation, which could again suggest that the side lobes are
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a result of an imperfect phase compensation between the crystals.

Figure 3.24: Temperature ac-
ceptance of a cascade sys-
tem consisting of a 40 mm
PPLN and a 30 mm PPLT
crystal. a: experimental data
for constructive interference at
low power. b: theoretical data
for constructive interference.
c: experimental data for de-
structive interference at low
power. d: theoretical data for
destructive interference. e: ex-
perimental data for construc-
tive interference at high power.
The colorbar from e is applica-
ble to all the figures. Reprinted
from [92].

The combination of high efficiency, high versatility and low complexity
makes cascade systems ideal for achieving SHG powers in the range of
1 - 5 W, and it was, therefore, chosen as the power scaling technique
for this work. A cascade system similar to that shown in Figure 3.21
was used in Papers I, V, VII and X.



Outlook

Frequency doubled tapered diode lasers have been shown to be an
efficient way to generate Watt level visible light in the green-yellow
spectral range. The lack of a free space cavity in combination with the
increased efficiency gives the potential for building compact air cooled
systems with a high stability. Furthermore, the use of diode lasers allows
for modulation at GHz frequencies of the fundamental light. However,
achieving a high modulation depth together with stable modulation
can be difficult in the second harmonic due to the narrow acceptance
bandwidth of the non-linear crystals.

The cascade generally converts around 50 % of the power in central
lobe of the currently available tapered laser diodes. The main limitation
on the output power is, therefore, the absolute power in central lobe
of the devices. However, as devices have been demonstrated with a
total power around 12 W for 1064, 1120 and 1154 nm, this power level
appears to be the limit for the device design currently used. Increasing
the power of a single emitter likely requires the development of devices
with a longer tapered length. Alternatively, multiple emitters can be
combined and used for sum frequency generation.

Ultimately it is the opinion of the author that the main obstacle
for wide-spread commercial use of frequency doubled tapered laser
diodes is the relatively high sensitivity to optical feedback. While the
devices generally show high stability and long lifetime in long term
tests performed on device level, achieving the same stability in a system
where some parasitic reflections will ultimately be unavoidable has
proven challenging. Some variations in feedback sensitivity between
similar devices have shown that this is an area where further research is
required to understand the fundamental causes. The Technical University
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of Denmark and The Ferdinand-Braun-Institut are currently working
towards this goal and hopefully this will lead to an increased stability in
future devices.

When these issues have been resolved the frequency doubled tapered
laser will become an attractive alternative to currently available laser
sources in the few Watt power range. This will result, among other
things, in cheaper systems for the treatment of some age and diabetes
related eye diseases, which are a growing problem in many areas of the
world.
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Comments on The Papers

The following part of the thesis contains the six journal papers and four
peer-reviewed conference proceedings, which was prepared as a part of
the work performed during this Ph.D. project.

Papers I and VII describes the 1.6 W laser system at 561 nm, which
was used to demonstrate that the second harmonic output power can
be modulated by detuning the wavelength of the laser diode compared
to the wavelength acceptance of the non-linear crystals. The author
provided assistance to A. K. Hansen during the assembly of the system,
and performed part of the experimental characterization on the finished
system. The manuscript for the journal (Paper I) was prepared by the
author. The author also provided help with the manuscript preparation
for the conference proceeding (Paper VII).

Papers II and VIII characterized the longitudinal mode behaviour of
a monolithic DFB MOPA laser diode, and describes how this behaviour
is beneficial for modulation by wavelength detuning. Furthermore, it is
demonstrated how the behaviour leads to a significant improvement in
the modulation depth and stability. The author performed the experi-
mental work for these papers and prepared both manuscripts.

Paper III describes a DBR tapered laser diode emitting at 1180 nm
which was designed and produced at the Optoelectronic Research Center
(ORC) at Tampere University of Technology. The author was contacted
by the researchers at ORC because they had an interest in testing
their devices suitability for frequency doubling and a test device was
characterized by the author. Unfortunately the device wasn’t suitable for
efficient frequency doubling but some of the characterizations performed
by the author was used for the publication. The author also contributed
with help in preparing the manuscript.
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Papers IV and IX shows how the wavelength selectivity of the
non-linear crystal can be used as a wavemeter, where the spectral
resolution depends on the acceptance bandwidth of the crystal and
the measurement precision on the photodetectors. Furthermore, The
temporal bandwidth of the system was only limited by the bandwidth
of the photodetectors. The wavemeter was used to characterize the
spectral behaviour of a tapered laser diode during a single pulse, and
it was shown that the longitudinal mode hops of the laser diode could
be resolved both temporally and spectrally. The author performed the
experimental work and prepared both manuscripts.

Papers V and X describes the lasers emitting 1.1 W and 2.7 W at
577 nm for Paper X and V respectively. The laser described in Paper X
was the first 577 nm system by cascaded frequency doubling of a tapered
laser diode. The system was build and characterized by the author who
also prepared the manuscript. A new system, described in Paper V,
with higher output power was later build by M. Vilera with assistance
from the author who also performed part of the characterization. The
author also provided assistance with the preparation of the manuscript.

Paper VI details the behaviour of the tapered laser diodes when
they are exposed to external optical feedback. The sensitivity to optical
feedback turned out to be one of the main drawbacks of the high
power tapered lasers and it is, therefore, the focus of an ongoing project
between the DTU and the FBH. Both the experimental work and the
manuscript preparation was performed as a close collaboration between
C. Zink from the FBH and the author.
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Efficient generation of 1.9 W yellow light by
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Watt-level yellow emitting lasers are interesting for medical applications, due to their high hemoglobin absorp-
tion, and for efficient detection of certain fluorophores. In this paper, we demonstrate a compact and robust
diode-based laser system in the yellow spectral range. The system generates 1.9 W of single-frequency light
at 562.4 nm by cascaded single-pass frequency doubling of the 1124.8 nm emission from a distributed Bragg
reflector (DBR) tapered laser diode. The absence of a free-space cavity makes the system stable over a base-plate
temperature range of 30 K. At the same time, the use of a laser diode enables the modulation of the pump wave-
length by controlling the drive current. This is utilized to achieve a power modulation depth above 90% for the
second harmonic light, with a rise time below 40 μs. © 2016 Optical Society of America

OCIS codes: (140.3515) Lasers, frequency doubled; (140.3480) Lasers, diode-pumped; (140.7300) Visible lasers.

http://dx.doi.org/10.1364/AO.55.009270

1. INTRODUCTION

For decades, lasers in the green spectral region have been
dominated by a wavelength of 532 nm due to its ease of access
through frequency doubling the 1064 nm emission from
Nd:YAG crystals. For just as long, there has been an interest
in moving into the yellow or even orange spectral region, where
there is a decrease in tissue scattering and melanin absorption
[1]. Within flow cytometry, yellow emitting lasers can give
access to previously unavailable fluorophores [2], and 561 nm
lasers in particular have demonstrated an increase in the
sensitivity of the detection of certain fluorophores [3]. The
yellow-orange spectral region has also attracted attention within
biomedical optics for photocoagulation [4], imaging [5,6], and
cancer treatments [7].

Today, yellow emitting lasers are produced using a range of
technologies. Nonlinear frequency-converted diode-pumped
solid-state (DPSS) lasers have produced powers greater than
1 W at several wavelengths in the yellow-orange spectral range
[8–10]. Unfortunately, they have a relatively low optical con-
version efficiency (∼10%) and therefore cannot run without
water cooling. DPSS lasers emitting directly in the visible spec-
tral range are possible using different Pr3�-, Sm3�-,Dy3�-, and
Tb3�-doped crystal host materials [11]. At 607 nm, an output

power of up to 1.8 W has been demonstrated when the laser
was pumped with a frequency-doubled optically pumped
semiconductor (OPS) laser [12]. In Tb3�-doped fluorides,
up to approximately 100 mW has been demonstrated at around
585 nm [13]. Direct diode pumping has, however, resulted in
significantly lower efficiency [11]. A significantly higher con-
tinuous wave (CW) power of 20 W has been demonstrated
using OPS lasers [14]. However, these lasers suffer from the
same drawbacks as DPSS lasers. Another option is fiber lasers,
but these tend to be either low power [15], pulsed [16,17], or
very complex [18] systems. Furthermore, a diamond-based
Raman laser have been demonstrated to emit pulsed light
at 573 nm with a high conversion efficiency of 84% of the
incident Q-switched laser light at 532 nm [19]. However,
the need for pumping by a Q-switched laser limits the usability
of such an approach.

For many applications, the ideal light source would be a
laser diode, due to its very small size, high efficiency, and low
cost. Recently, laser operation in the yellow spectral range has
been demonstrated in BeZnCdSe and InAlGaP devices with
an output power of a few mW [20,21]. However, laser diodes
in the yellow-orange spectrum with watt-level output powers
have so far eluded researchers. In the near infrared (NIR),
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on the other hand, tapered laser diodes are becoming commer-
cially available. These laser diodes combine a single-frequency
operation with output powers up to 8 W at 1120 nm [22].
Similar laser diodes with even longer wavelengths are also cur-
rently being developed [23]. These tapered laser diodes have
been used to generate 550 mW at 561 nm using a planar wave-
guide in a nonlinear crystal [24]. Waveguides in nonlinear crys-
tals enable high conversion efficiency [25] but suffer from
power loss due to their low coupling efficiency, scattering losses,
and decreased efficiency at high powers due to localized thermal
effects [26]. To our knowledge, the highest power achieved
by frequency doubling the emission of a laser diode using
waveguides in nonlinear crystals are 860 mW for a channel
waveguide [27] and 1.07 W for a planar waveguide [28].

In this paper, we present a 1.9 W single-frequency laser
system at 562.4 nm by single-pass cascaded frequency doubling
of the emission of a tapered laser diode. Cascaded frequency
doubling is highly efficient, with second harmonic (SH) output
powers even exceeding the sum of the SH powers achievable
from each crystal individually. For a thorough description
of the concept, see Ref. [29]. Furthermore, we show that
the simplicity of our system leads to a high thermal stability,
thereby removing the need for water cooling. Combined with
the small footprint of just 183 mm × 114 mm × 50 mm, this
makes the laser system ideal for integration in larger systems.

2. SETUP AND RESULTS

The experimental setup used for generating 562.4 nm light by
direct frequency doubling of the emission of a 1124.8 nm laser
diode is shown in Fig. 1. The laser diode is a tapered laser diode
similar to the ones described in Ref. [22]. It is a monolithic
device consisting of two sections: a ridge waveguide (RW) with
a distributed Bragg reflector (DBR), and a tapered amplifier
(TA). The chip is mounted with the epitaxial side up, and the
RW and TA sections are given separate contacts to allow for
individual control of the currents. The laser diode emits a high
power near-diffraction-limited beam, with 74% of the power in
a Gaussian-like central lobe, and a exhibits single-frequency op-
eration. Due to the astigmatic output of tapered laser diodes,
two collimation lenses are used for correction. First, the fast axis
(vertical) is collimated using an aspheric lens (L1, f � 2 mm).
This lens refocuses the slow axis (horizontal), which is then

collimated using a cylindrical lens (L2, f � 5.8 mm). The
beam is passed through an optical isolator (OI) to protect the
laser diode from optical feedback. Mirrors M 1 and M 2 are
plane mirrors used to steer the beam through the first non
linear crystal, while lens L3�f � 45 mm� focuses the beam
to a waist diameter of ∼85 μm, measured as 1∕e2. Both the
fundamental beam and the SH beam generated within the
crystal are re-collimated using a concave mirror (M 3,
R � 100 mm) and passed through a dispersive plate (3 mm
thick BK7) to optimize the phase offset between the two wave-
lengths, as described in Ref. [29]. The concave mirror M 4,
which is identical toM 3, refocuses both beams into the second
nonlinear crystal, after which the fundamental beam is dumped
and the second harmonic beam collimated. Both nonlinear
crystals are magnesium-oxide-doped periodically poled lithium
niobate (PPLN), with a poling period of 8.17 μm and a length
of 40 mm. The length of the crystal was chosen based on
previous results [29]. All lenses and crystals are AR coated
for the relevant wavelengths, and the mirrors are HR coated.
The dispersive plate is placed at Brewster’s angle to minimize
reflections. The components are mounted on a baseplate and
enclosed with a lid, giving the laser system a total size of
183 mm × 114mm × 50 mm.

The NIR power after the isolator is approximately 5.0 W,
with the laser diode operating at 300 mA on the ridge
waveguide section, 10 A on the tapered amplifier, and at a tem-
perature of 20°C. Under these operating conditions, the wave-
length of the laser diode is 1124.8 nm. With an NIR power of
5.0 W, 714 mW of second harmonic light is generated in the
first crystal alone at a crystal temperature of 77.8°C. Similarly,
857 mW is generated in the second crystal at 79.4°C. In both
cases, the measurement is performed by detuning one crystal
20°C from phase matching and measuring after the collimation
lens (L4). The nonlinear conversion efficiency of the two crys-
tals was measured to be approximately the same. The difference
in power is due to differences in the beam paths through the
crystals. With both crystals phase matched, the cascaded second
harmonic power is 1.80 W, corresponding to 15% more than
the sum of the powers achievable by the crystals individually.
When the currents through the laser diode are increased to
350 mA and 10.5 A, the NIR power after the isolator increases
to 5.8 W, resulting in 1.93 W of second harmonic light. The
lower conversion efficiency is due to the degradation of the
beam quality at higher powers. Under these operating condi-
tions, the total power consumption of the laser head, including
heating the crystals and cooling the laser diode, is 30 W, yield-
ing an electro-optical conversion efficiency of 6.4%.

The spectrum of the second harmonic emission was re-
corded using an optical spectrum analyzer (OSA) and is shown
in Fig. 2. The figure shows that the laser system exhibits a
single-frequency operation with a linewidth of less than 3 pm.

The M 2 of the 562.4 nm light was measured to be 1.32 in
the horizontal axis and 1.37 in the vertical axis, see Fig. 3. The
measurement was performed with a Spiricon M 2−200s beam
profiler from Ophir Photonics.

The turn-on behavior of the laser system was also investi-
gated, and even though the crystals were operated at temper-
atures just below 80°C, the laser system could be turned on

Fig. 1. Sketch of the experimental setup for cascaded frequency
doubling.
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from cold in just 60 s. This is illustrated in Fig. 4, which shows
the output power of the laser system together with the temper-
ature deviation of the laser diode and the two crystals from the
set-point values. The figure shows that heating the crystals is
the main limiting factor. It is therefore expected that the 60 s
can be significantly reduced with more sophisticated thermal
management.

One of the advantages of using a single-pass rather than
an external cavity system is increased stability toward external
perturbations. Although the laser system is mounted on a water
cooled plate, the system can be mounted on a forced-air cooled
base plate because of its high temperature stability. This is illus-
trated in Fig. 5, where the water temperature was changed,
leading to a change in the case temperature. For this test,
no active stabilization of the power was performed, but even
so, the attainable power output of the laser system remained
above 1.7 W over a 30°C temperature span.

In another test, the long-term power stability of the laser
system was monitored while the output power was actively
stabilized using feedback from a photodiode measuring the
second harmonic power. The output was stabilized using the
phase-matching conditions of the laser and crystals, the result
of which is shown in Fig. 6. For this test, the case temperature
had reached equilibrium. The standard deviation of the output
power over these 250 h was 0.5%.

Modulation frequencies of up to about 50 Hz are of interest
for medical laser treatments. Here, systems based on laser
diodes have an advantage due to the ability to modulate the
second harmonic output power by modulating the current

Fig. 2. Spectrum of the second harmonic light. The side modes,
seen at −18 dB, are artifacts from the spectrum analyzer.

Fig. 3. M 2 measurement of the second harmonic output. The po-
sition on the x-axis is the distance to the focusing lens (f � 300 mm),
and the beam diameter is the second moment diameter. The insert is
an image of the beam in the point indicated by the arrow.

Fig. 4. Measurement of the laser system parameters during a
start-up procedure. Both measurements are performed with the laser
diode operating at 20°C, a 350 mA ridge current, and a 10.5 A tapered
current.

Fig. 5. Power output of the laser system as a function of the case
temperature. The laser system was operated at optimal phase match-
ing. The temperatures of the crystals and the laser diode were stabi-
lized, but there was no active stabilization of the power using a
feedback loop. The test was performed over 100 min.
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to the laser diode. In principle, this can be done by gain switch-
ing; i.e., turning the laser diode on and off. But in practice, this
leads to large thermal fluctuations of the laser diode chip, which
in turn makes the wavelength, and therefore the second
harmonic power, unstable. Alternatively, the wavelength can
be modulated using its dependence on the injection current
to the ridge section, thereby alternating between being close
to and being far from the phase-matching condition of the non-
linear crystals. We used this approach to generate square second
harmonic pulses with repetition rates ranging from 0.5 to
50 Hz. The results at these two frequencies are shown in
Figs. 7 and 8. The peak-to-peak modulation of the ridge
current is 55 mA, which in a CW operation corresponds to
a wavelength shift of 37 pm. The theoretical full width at
half-maximum wavelength acceptance bandwidth of the cas-
cade is 34 pm, assuming plane waves. The crystal temperatures
remain unchanged from the CW case.

In the cases shown here, the modulation was not to maxi-
mum power, but to the flank of the phase-matching curve.

Modulating only up to a point on the flank of the phase-
matching curve shows the wavelength stability throughout
the pulse more clearly than when modulating to the phase-
matching peak. This is because the wavelength derivative of
the second harmonic power, dP∕dλ, is zero on the peak.
Nevertheless, the “on” state of the pulse was very stable, which
indicates that the ridge waveguide current is a good control for
the wavelength. As shown in Figs. 7 and 8, a modulation depth
above 90% was achieved. Due to a small wavelength drift
throughout the pulse, a tailored waveform was used to obtain
square second harmonic pulses. The current through the ridge
waveguide is therefore shown in the top parts of Figs. 7 and 8.
One could, in principle, perform a deeper modulation on the
current and achieve a higher modulation depth. However, the
mode hops of the laser diode were not well defined, and there-
fore, the laser had to be operated within one mode.

To estimate the rise and fall time of the pulse, a zoom-in on
the first pulse from Fig. 8 is shown in Fig. 9. Here it can be seen
that the rise and fall of the pulse are very regular, and the time it
takes for the power to rise from 10% to 90% of the “on” state,
or vice versa, is below 40 μs. This is mainly limited by the
power supply, which has a similar rise/fall time. The laser diode
is expected to respond on a significantly faster time scale,
and with faster electronics, it should be possible to achieve

Fig. 6. Output power stability measured over 250 h with active sta-
bilization. Here, the case temperature is constant.

Fig. 7. 0.5 Hz modulation of the second harmonic light by adjust-
ing the wavelength through the ridge waveguide current.

Fig. 8. 50 Hz modulation of the second harmonic light by adjusting
the wavelength through the ridge waveguide current.

Fig. 9. 10%/90% rise and fall time of the second harmonic power.
The curves are a zoom of the rise and fall of the first pulse in the 50 Hz
modulation (Fig. 8). Both the 10% and 90% levels are marked with
vertical dashed lines.
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modulation above 10 kHz. This could be useful for medical
laser treatments, where micro-pulsing has been of interest.
This is due to a more comfortable treatment without compro-
mising the outcome of the treatment [30].

A modulation depth of 100% could be achieved with a shut-
ter or acousto-optic modulator. However, this would increase
the size and cost of the laser. Our technique, on the other hand,
requires no extra components for modulation, and it is, more-
over, done without any moving parts.

3. CONCLUSION

Using the concept of cascaded frequency doubling, we demon-
strated a compact diode-based laser system emitting 1.9 W of
single-frequency light at 562.4 nm. Furthermore, we have dem-
onstrated stable operation over a case temperature range of
30 K without actively stabilizing the output power using feed-
back from a photodiode. By tuning the pump wavelength using
the current over the ridge waveguide, we modulated the second
harmonic power up to 50 Hz with a modulation depth above
90% and a rise time below 40 μs. The combination of high
stability, compactness, and the watt-level power range means
this technology should be of great interest for a wide range
of industries, from medical laser treatments to holography.
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Power modulated visible lasers are interesting for a number of applications within areas such as laser displays and
medical laser treatments. In this paper, we present a system for modulating the second-harmonic light generated
by single-pass frequency doubling of a distributed feedback (DFB) master oscillator power amplifier (MOPA)
laser diode with separate electrical contacts for the MO and the PA. A modulation depth in excess of 97% from
0.1 Hz to 10 kHz is demonstrated. This is done by wavelength tuning of the laser diode using only a 40 mA
adjustment of the current through the MO. The bandwidth of the modulation is limited by the electronics. This
method has the potential to decrease the size as well as cost of modulated visible lasers. The achievable optical
powers will increase as DFB MOPAs are further developed. © 2017 Optical Society of America
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1. INTRODUCTION

A great deal of research has gone into developing green lasers
with the capability of arbitrary modulation of the output
power, as these lasers are interesting for laser displays [1]
and medical applications [2]. Within the field of ophthalmol-
ogy, doctors require watt-level power, often in the visible wave-
length range, with close to 100% modulation depth. Currently
pulse lengths in excess of 50 ms are the most widely used [3],
but recent research has shown that treatment with microsecond
pulses might decrease the damage of the retina and increase
patient comfort without compromising the treatment
results [4].

Laser diodes are ideal light sources for power modulation
due to their fast response to current changes. This is utilized
extensively in the telecom industry where laser diodes modu-
lated at gigahertz frequencies are a commodity today. However,
these laser diodes are infrared and low power.

Frequency-doubled diode-pumped solid-state (DPSS) lasers
have produced 1.6 kHz modulation with 300 mW output
power [5]. However, DPSS lasers are limited in their modula-
tion bandwidth by the upper state lifetime of the solid-state
laser crystals, which is typically 100–300 μs [6], and to our
knowledge a DPSS laser with the combination of watt-level
powers and microsecond pulses without external modulation
of the power has not been demonstrated. Optically pumped

semiconductor (OPS) lasers, on the other hand, can generate
multiple watts of powers in combination with short pulse
durations [7]. Both DPSS and OPS lasers are, however, quite
bulky, expensive, and their wall-plug efficiency is low.

Ideally, one would like to use laser diodes emitting directly
in the green or yellow. However, since high-power laser diodes
in this spectral region are not yet available, an attractive alter-
native is second-harmonic generation (SHG) using near-infra-
red (NIR) laser diodes. Previously, 3.7 W of green light by
frequency doubling of 9.5 W NIR light from a distributed
Bragg reflector (DBR) tapered laser diode in a cascaded sin-
gle-pass configuration was demonstrated [8]. In principle the
SH output of such a system can be modulated by gain-switch-
ing, i.e., turning the laser diode on and off. However, this yields
two main problems: First of all the temperature and therefore
wavelength of the laser diode will fluctuate on time scales from
milliseconds to seconds. This makes it difficult to obtain stable
modulation of the SH light because of the narrow spectral
acceptance bandwidth of the nonlinear crystal [9]. Second,
the current needed to obtain multiple watts of visible power
from such a system is of the order of 10 A [8], which means
on-off modulation is limited in bandwidth and requires
expensive drivers.

One way around these issues is to take advantage of the nar-
row spectral acceptance bandwidth of the crystal to modulate

2250 Vol. 56, No. 8 / March 10 2017 / Applied Optics Research Article

1559-128X/17/082250-05 Journal © 2017 Optical Society of America



the SH power by detuning the wavelength of the laser diode
away from phase matching. The modulation scheme has pre-
viously been used to obtain megahertz modulation of blue light
for optical storage [10] and green light for laser displays [11]. In
both cases a DBR laser and nonlinear crystals with channel
waveguides were used, since these enable very high conversion
efficiency [12]. SHG systems using channel waveguides in non-
linear crystals cannot be scaled to the multiple watt-level powers
needed for medical treatment [13]. A 90% modulation depth
of 1.5 W SH light has been achieved using wavelength detun-
ing of DBR tapered laser diodes [14]. In this work, however,
the modulation depth was limited by the mode hops of the
laser. High modulation depth of DBR tapered lasers with a de-
tuning scheme has so far only been obtained at very high diode
temperature (50°C) [15].

In this paper we present>97%modulation depth of the SH
light using wavelength detuning of a distributed feedback
(DFB) master oscillator power amplifier (MOPA) laser diode.
Furthermore, we explore the mode structure of the DFB
MOPA and present how this structure is beneficial for the
modulation scheme.

2. SETUP AND RESULTS

The setup is sketched in Fig. 1. The laser diode was a 1064 nm
monolithic DFB MOPA laser diode from QPC Lasers, similar
to that described in [16]. In these laser diodes the master os-
cillator (MO) consists of a DFB ridge waveguide section from
which the output is allowed to diverge through a tapered power
amplifier (PA). The whole structure is mounted p-side up to
allow for separate contacts for the MO and PA. The output
power of the laser diode was 3 W with 150 mA through
the MO, 4 A through the PA, and the laser temperature sta-
bilized at 20°C. The laser diode was collimated and then the
beam was passed through a 30 dB optical isolator to protect the
diode from backreflections. After the collimation the laser diode
had an M 2, measured using the second moment width, of 2.8
in the horizontal direction and 1.9 in the vertical direction. A
small portion of the light was picked out using a polarizing
beam splitter (PBS) and half of it was focused onto a
350 MHz photodiode to monitor the NIR light during

modulation and the second half was coupled into a scanning
Fabry–Perot interferometer (FPI). The scanning FPI was used
to monitor the laser linewidth, ensuring that the laser diode was
not affected by external optical feedback. A second 30 dB op-
tical isolator provided additional protection from optical feed-
back and the polarization of the NIR light was adjusted using a
half-wave plate. The NIR light was focused to a 1∕e2 diameter
of approximately 60 μm in a 50 mm long bulk periodically
poled magnesium oxide-doped lithium niobate (PPLN) crystal
using two plane folding mirrors and a 100 mm focal length
lens, generating green SH light at 532 nm. After the crystal,
the remaining NIR light was filtered out using a dichroic mirror
and the SH light was refocused onto another 350 MHz photo-
diode. The light was focused onto both photodiodes to avoid
errors in the measurement from pointing instabilities or spatial
mode changes. A thermal power meter was used for calibrating
the fast photodiode. The voltage over the MO and the response
from the two 350 MHz photodiodes were monitored on a
1 GHz oscilloscope.

The laser diode has some important mode characteristics
which must be understood to obtain stable modulation by
wavelength detuning. Figure 2 shows how the peak wavelength
of the laser changes when the current through the MO is
changed. An important feature here is that laser diodes based
on DBR and DFB technology have different mode hop behav-
iors. For a DFB laser the mode hops result in an increase of the
wavelength as the current is increased, whereas the wavelength
for a DBR laser would decrease. This is advantageous for
modulation because a single mode hop for a DFB laser
diode will shift the wavelength far from phase-matching.
Furthermore, the mode hop positions of the DFB laser diode
are independent of the direction that the current is scanned,
i.e., there is no mode hysteresis. The lack of mode hysteresis
in the DFB laser diode is another important advantage for
the wavelength detuning modulation scheme, since it results
in good reproducibility of the pulses. The gray background

Fig. 1. Sketch of the setup. PD, photodiode; OI, optical isolator;
λ∕2, half-wave plate; BS, beam splitter; PBS, polarizing beam splitter;
FPI, Fabry–Perot interferometer; PPLN, periodically poled lithium
niobate crystal; PM, thermal power meter.

Fig. 2. Wavelength of the laser diode versus the current through the
MO. The current through the PA was kept at 4 A. The data were
acquired by first scanning up in steps of 2 mA and then back down.
Gray background indicates areas of spectral multimode operation. The
data were obtained with the laser diode in CW operation.
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indicates regions of spectrally multimode operation, with
greatly reduced frequency doubling efficiency. To avoid dam-
age to the laser diode the DFB had to be operated between 100
and 150 mA, and for this reason the modulation was performed
by switching between 100 and 140 mA.

Figure 3 shows the spectrum of the laser diode at MO
currents of 100 and 140 mA, measured with an optical spec-
trum analyzer (OSA). The full width half-maximum (FWHM)
linewidth of the laser was below 5 pm (limited by the OSA
resolution) at both points. The side modes at roughly
−20 dBc are artifacts from the OSA. The change in wavelength
for these two outer points of the modulation is Δλ � 120 pm.

The acceptance bandwidth of the crystal was measured to be
59 pm (FWHM), i.e., significantly lower than the wavelength
shift of the laser diode. The acceptance bandwidth is shown in

Fig. 4 together with the wavelength shift of the laser diode to
show that the modulation shifts the wavelength outside the
peak of the conversion efficiency. As expected, the acceptance
bandwidth is larger than the theoretical value for a 50 mm
PPLN crystal of 42 pm. This is mainly due to the use of a fo-
cused beam instead of plane waves and crystal poling imperfec-
tions. The acceptance bandwidth has been shown to increase
slightly for increasing power levels [17]. However, the increase
was only 20% when going from 1W input power to 8.5 W and
the broadening was asymmetrical, mainly affecting the high
wavelength drop-off of the efficiency. It should, therefore, be
straightforward to scale the SH power without affecting the
modulation depth, once higher-power DFB MOPA laser
diodes become available.

The SH output power as a function of the NIR input power
to the crystal was measured by operating the laser diode at in-
jection currents of 150 mA to the MO and 4 A to the PA, and
controlling the NIR power incident on the PPLN by a combi-
nation of a PBS and a half-wave plate. The results are shown in
Fig. 5. The output follows a quadratic dependence as expected.
The maximum SH light achieved was 166 mW at an input
power of 2.29 W of NIR light, yielding a conversion efficiency
of 3%/W, which is comparable to former results from similar
crystals when using tapered laser diodes [8]. This measurement
was also used to calibrate the photodiode for the green light.

The modulation of the wavelength was performed by con-
necting a function generator to the modulation input of the
current supply for the MO (Arroyo Instruments 4205-DR).
All modulation inputs used were square waves with a 50% duty
cycle. When the modulation period is well below the thermal
time constants, the temperature of the laser diode tends toward
an average temperature which depends on the depth of the cur-
rent modulation and the duty cycle. For longer modulation
periods the temperature of the laser diode can fluctuate during
the pulse making the wavelength unstable. A tailored input
pulse can be used to mitigate this effect [14], but the input
current pulse will then change shape depending on both the
pulse length and duty cycle needed. For the system presented

Fig. 3. Spectrum of the laser diode at 100 and 140 mA, with the
laser diode in CW operation. The side modes at −17 to −20 dBc are
measurement artifacts from the OSA. The PA current was 4A.

Fig. 4. Measured acceptance bandwidth of the 50 mm PPLN at a
crystal temperature of 61.8°C. The vertical red lines indicate the two
wavelengths used for modulation. A maximum green output power of
180 mWwas generated. The measurement was performed by scanning
the temperature of the laser diode.

Fig. 5. SH power as a function of the NIR power into the crystal.
Black dots are measurements and the red curve is a quadratic fit.
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here the wavelength is mostly defined by the current through
the DFB section and therefore no such tailoring is needed. To
show this, the SH light was modulated at 0.1 Hz, see Fig. 6.
Here the time scale of the modulation is significantly slower
than all optical, electrical, and thermal time scales of the laser
diode, including thermal equilibration of the laser mount,
meaning it was a quasi-CW case. The average power in the
on state for the two pulses was 148.9 mW and the average
off power was 2.74 mW, yielding a modulation depth of
98.2%. The NIR power, on the other hand, only dropped
to 2.26 W, corresponding to a 1.3% decrease in the off state.
This result shows that the laser system can be used for pulse on
demand applications.

Figure 7 shows modulation at 10 kHz. At this frequency
some ringing started to occur in the voltage across the MO.
This corresponds well to previously observed limits for the
power supply with a modulation of this size, which we believe
is why an increased amount of noise is visible in the pulse.
The modulation input to the power supply is also shown in the
figure to show that the ringing does not originate from the
function generator. At 50 kHz the ringing became so pro-
nounced that the pulses could no longer be approximated with
a square wave. However, this was only a limitation of the
power supply as laser diodes can respond to frequencies in
the gigahertz range [18]. The only parameter changed between
Figs. 6 and 7 is the frequency of the output of the function
generator. The average power of the on state in Fig. 7 is
161.7 mW and for the off state it is 3.50 mW, yielding a
modulation depth of 97.8%. For a train of 10 pulses, the pulse
to pulse variation of the average power of the on state was below
1%. The slight change in the maximum power between
Figs. 6 and 7 was due to slow temperature fluctuations, which
were correlated to the room temperature. Very similar results
were obtained at 1 Hz, 10 Hz, 100 Hz, and 1 kHz. Since the
NIR power is only modulated by 1.3%, the thermal load on
the laser is almost constant. This provides the possibility of
having pulses on demand, which may be critical for many
applications.

3. CONCLUSION

We have demonstrated that the second-harmonic output of a
single-pass frequency-doubled DFBMOPA can be square wave
modulated from CW and up to at least 10 kHz using the
method of wavelength detuning by modulating the injection
current to the MO. More than 97% modulation depth was
realized by modulating the MO current with a 40 mA peak
to peak amplitude. This corresponds to a wavelength shift
of 120 pm, and a change of just 1.3% of the output power
of the laser diode itself. The wavelength shift of 120 pm could
be achieved with the DFB laser because of the very regular
mode hop structure, which allowed for operation of the laser
diode across a mode hop. Moreover, the low current change
needed for wavelength detuning yielded very low thermal fluc-
tuations of the laser diode enabling pulse on demand operation.
The upper bound of the modulation frequencies was limited by
our electronics. When DFBMOPAs with separate MO and PA
electrical contacts become available at higher output power and
similar or better mode stability then this scheme can be used to
generate arbitrary power modulation with high modulation
depth of watt-level visible lasers by low current modulation
without any moving parts.

Funding. Innovation Fund Denmark (5016-00076B).

REFERENCES
1. K. V. Chellappan, E. Erden, and H. Urey, “Laser-based displays: a

review,” Appl. Opt. 49, F79–F98 (2010).
2. L. Chehade, G. Chidlow, J. Wood, and R. J. Casson, “Short-pulse du-

ration retinal lasers: a review,” Clin. Exp. Ophthalmol. 44, 714–721
(2016).

3. J. P. M. Wood, M. Plunkett, V. Previn, G. Chidlow, and R. J. Casson,
“Nanosecond pulse lasers for retinal applications,” Lasers Surg. Med.
43, 499–510 (2011).

4. J. K. Luttrull, C. Sramek, D. Palanker, C. J. Spink, and D. C. Musch,
“Long-term safety, high-resolution imaging, and tissue temperature
modeling of subvisible diode micropulse photocoagulation for retino-
vascular macular edema,” Retina X, 1–12 (2011).

5. J. Khaydarov, S. Essaian, G. Nemet, A. Shchegrov, N. Simanovskaia,
H. Danielyan, G. Gabrielyan, A. Poghosyan, and S. Soghomonyan,

Fig. 6. Modulation of the SH power at 0.1 Hz. A modulation depth
of 98.2% was achieved.

Fig. 7. Modulation of the SH power at 10 kHz (black/left) and the
modulation input to the power supply (red/right). A modulation
depth of 97.8% was achieved.

Research Article Vol. 56, No. 8 / March 10 2017 / Applied Optics 2253



“Highly-efficient and compact microchip green laser source for mobile
projectors,” Proc. SPIE 7582, 758202 (2010).

6. W. Koechner, Solid-State Laser Engineering (Springer, 2006).
7. E. Kantola, T. Leinonen, S. Ranta, M. Tavast, and M. Guina, “High-

efficiency 20 W yellow VECSEL,”Opt. Express 22, 6372–6380 (2014).
8. A. K. Hansen, M. Tawfieq, O. B. Jensen, P. E. Andersen, B. Sumpf, G.

Erbert, and P. M. Petersen, “Concept for power scaling second har-
monic generation using a cascade of nonlinear crystals,”Opt. Express
23, 15921–15934 (2015).

9. M. M. Fejer, G. A. Magel, D. H. Jundt, and R. L. Byer, “Quasi-phase-
matched second harmonic generation: tuning and tolerances,” IEEE
J. Quantum Electron. 28, 2631–2654 (1992).

10. Y. Kitaoka, T. Yokoyama, K. Mizuuchi, K. Yamamoto, and M. Kato,
“Modulated blue second harmonic generation using direct modulation
of distributed Bragg reflector laser diode,” Electron. Lett. 33,
1638–1639 (1997).

11. M. H. Hu, H. K. Nguyen, K. Song, Y. Li, N. J. Visovsky, X. Liu, N.
Nishiyama, S. Coleman, L. C. Hughes, J. Gollier, W. Miller, R.
Bhat, and C. E. Zah, “High-power high-modulation-speed 1060-nm
DBR lasers for green-light emission,” IEEE Photon. Technol. Lett.
18, 616–618 (2006).

12. A. Jechow, M. Schedel, S. Stry, J. Sacher, and R. Menzel, “Highly
efficient single-pass frequency doubling of a continuous-wave distrib-
uted feedback laser diode using a PPLN waveguide crystal at 488
nm,” Opt. Lett. 32, 3035–3037 (2007).

13. D. Jedrzejczyk, R. Güther, K. Paschke, B. Eppich, and G. Erbert,
“200 mW at 488 nm From a ppMgO:LN Ridge waveguide by fre-
quency doubling of a laser diode module,” IEEE Photon. Technol.
Lett. 22, 1282–1284 (2010).

14. A. K. Hansen, M. Christensen, D. Noordegraaf, P. Heist, E.
Papastathopoulos, O. B. Jensen, and P. M. W. Skovgaard,
“Efficient generation of 1.9 W yellow light by cascaded frequency
doubling of a DBR tapered diode laser,” Appl. Opt. 55, 9270–9274
(2016).

15. O. B. Jensen, P. E. Andersen, B. Sumpf, K.-H. Hasler, G. Erbert, and
P. M. Petersen, “High power green light generation by second har-
monic generation of single-frequency tapered diode lasers,” Proc.
SPIE 7582, 758203 (2010).

16. QPC Lasers (2016), http://www.qpclasers.com/products_BLase
SMSE.html.

17. O. B. Jensen, P. E. Andersen, B. Sumpf, K.-H. Hasler, G. Erbert, and
P. M. Petersen, “1.5 W green light generation by single-pass second
harmonic generation of a single-frequency tapered diode laser,” Opt.
Express 17, 6532–6539 (2009).

18. N. Michel, H. Odriozola, C. H. Kwok, M. Ruiz, M. Calligaro, M.
Lecomte, O. Parillaud, M. Krakowski, M. Xia, R. V. Penty, I. H.
White, J. M. G. Tijero, and I. Esquivias, “High modulation efficiency
and high power 1060 nm tapered lasers with separate contacts,”
Electron. Lett. 45, 103–104 (2009).

2254 Vol. 56, No. 8 / March 10 2017 / Applied Optics Research Article





Paper III





IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 29, NO. 23, DECEMBER 1, 2017 2023

High-Power 1180-nm GaInNAs DBR Laser Diodes
Antti T. Aho , Jukka Viheriälä, Ville-Markus Korpijärvi, Mervi Koskinen, Heikki Virtanen ,

Mathias Christensen , Topi Uusitalo, Kimmo Lahtonen, Mika Valden, and Mircea Guina

Abstract— We report high-power 1180-nm GaInNAs distrib-
uted Bragg reflector laser diodes with and without a tapered
amplifying section. The untapered and tapered components
reached room temperature output powers of 655 mW and 4.04 W,
respectively. The diodes exhibited narrow linewidth emission
with side-mode suppression ratios in the range of 50 dB for
a broad range of operating current, extending up to 2 A for
the untapered component and 10 A for the tapered component.
The high output power is rendered possible by the use of a high
quality GaInNAs-based quantum well gain region, which allows
for lower strain and better carrier confinement compared with
traditional GaInAs quantum wells. The development opens new
opportunities for the power scaling of frequency-doubled lasers
with emission at yellow–orange wavelengths.

Index Terms— High power, distributed Bragg reflector lasers,
frequency doubling, antireflection coatings.

I. INTRODUCTION

LASERS emitting in the yellow–orange spectral range
have many applications for example in dermatology [1],

DNA sequencing [2], and spectroscopy [3]. However, this
wavelength range cannot be reached directly with semiconduc-
tor lasers, which are the most practical and compact laser solu-
tions whenever available. One viable approach for reaching the
visible spectral range is frequency doubling from infrared (IR)
laser radiation, which in turn, requires sources with high output
power and narrow linewidth emission [4]. The frequency
doubling scheme and the development of corresponding diodes
with infrared emission has been vigorously addressed for
blue–green spectral ranges where mature GaInAs quantum
well (QW) gain materials can be used [4]. Several watts of
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green frequency-doubled radiation have been obtained using
1064 nm laser diodes [5]. However, the results for yellow
frequency-doubled diodes have been more modest. This is
largely due to the fact that it becomes increasingly difficult to
reach high power close to 1.2 µm when using the standard
materials. For example, using GaInAs QWs the maximum
single-mode power obtained from untapered LDs at 1180 nm
is about 230 mW [6] and about 3.2 W for tapered LDs [7].
Using quantum dots with an untapered design, a power
of 80 mW has been reported [8]. As an alternative solution to
achieve narrow linewidth emission in this wavelength range
we have developed GaInNAs QWs and recently demonstrated
an untapered distributed Bragg reflector laser diode (DBR-LD)
emitting about 500 mW at 1180 nm and exhibiting a linewidth
below 250 kHz over the entire operation range [9]. The addi-
tion of a small amount of nitrogen makes it possible to
extend the wavelength range of the regular GaInAs QW and
at the same time reduce the strain linked to In incorporation.
Moreover, it also improves the carrier confinement resulting
in improved temperature stability; in fact, we demonstrated a
variation of the output power of only 30% for a temperature
range extending from 20 °C to 80 °C [10].

In this letter we report further power scaling of the unta-
pered 1180 nm DBR-LD with an output power as high as
655 mW at room temperature. Furthermore, by implementing
a tapered design we demonstrate a room temperature output
power of 4.04 W.

II. LASER STRUCTURE AND FABRICATION

The semiconductor structure was grown by plasma-
assisted molecular beam epitaxy (MBE). The substrate was
n-GaAs(100) and the active region comprised a single
Ga0.67In0.33N0.005As QW. The QW was surrounded by a GaAs
waveguide and Al0.25Ga0.75As claddings. The semiconductor
layers and the band gap structure are depicted in Fig. 1.

Compared to the previously reported structure [10],
the In content of the QW was increased to shift the material
gain to a longer wavelength, closer to the mode supported by
the DBR grating. The photoluminescence wavelength of the
wafer at room temperature was 1151 nm.

For the untapered design, the processed waveguide com-
prised a passive (unbiased), third-order DBR grating section
with a length of 1.8 mm and an active ridge waveguide (RWG)
section with a length of 2.9 mm. The DBR section selects a
single longitudinal mode and the RWG section defines a single
transversal mode. The width of both the DBR and the RWG
was 3.2 µm.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1. Semiconductor layer structure revealing the band gap profile.

Fig. 2. Scanning electron microscope picture of the grating side profile.
Focused ion beam (FIB) has been used to cut into the grating in order to
better see the cross-section in the middle.

The grating and the ridge were fabricated without regrowth,
using low-cost and high-throughput soft-stamp ultraviolet
nanoimprint lithography [11]. The basic fabrication steps of
the gratings have been presented in [10]. In this work, the side
profile of the grating was tuned by adjusting the etching
recipe in order to reach a grating filling factor of approx-
imately 0.85 leading to a higher reflection coefficient and
lower radiative losses [12]. The etching was performed using
Cl2/N2-based inductively coupled plasma reactive ion etching
(ICP-RIE). The etching depths of the grating and the RWG
were 1200 nm and 1350 nm, respectively. The achieved grating
side profile can be seen in Fig. 2.

The design of the tapered DBR-LD comprises a 2 mm long
passive DBR section, a 1 mm long active RWG section and
a 4 mm long gain-guided tapered amplifying section with a
tapering angle of 5°. The DBR and RWG widths were 3.2 µm,
and the DBR and RWG etching depths were 1500 nm and
1350 nm, respectively.

The components were packaged by first soldering the chips
p-side down on ceramic AlN submounts with AuSn solder and

Fig. 3. The output power and voltage of the untapered LD from
0 mA to 2000 mA at 20 °C.

then bonding the submounts on gold plated copper heatsinks
with indium solder. The chips were antireflection (AR) coated
to suppress unwanted Fabry-Perot operation and to improve
the outcoupling from the front facet. Traditionally thin-film
AR coatings have been prepared by methods such as elec-
tron beam and thermal evaporation, ion assisted deposition,
ion beam sputtering, or magnetron sputtering. In the work
presented here, atomic layer deposition (ALD) was used as an
alternative method to fabricate the AR coatings on laser facets.
A two-layer Al2O3 (128.7 nm)/TiO2 (77.6 nm) AR design
was fabricated on the untapered component and a single-layer
Al2O3 (146.8 nm) design on the tapered component using
Picosun Sunale ALD R200 Advanced reactor. The two-layer
and single-layer coatings were grown at substrate temperatures
of 100 °C and 200 °C, respectively. Trimethylaluminium,
tetrakis-(dimethylamino)titanium, and deionized water were
used as precursors. At 100 °C, refractive indices of 1.595 and
2.401 were determined for Al2O3 and TiO2 layers, respec-
tively. The refractive index of Al2O3 grown at 200 °C was
determined to be 1.665. The performance of the AR coat-
ings was assessed using reference substrates and reflectance
spectroscopy with Perkin Elmer Lambda 1050 UV/Vis/NIR
Spectrophotometer. The ALD growth processes yielded an
Al2O3/TiO2 two-layer thin film and an Al2O3 single-layer
thin film with reflectances below 1% and approximately 3%
at 1180 nm, respectively.

III. RESULTS

The CW ILV (current, power, voltage) characteristics of an
untapered and tapered DBR-LD at 20 °C mount temperature
are shown in Fig. 3 and Fig. 4, respectively. The untapered
component was measured up to a current of 2 A and the
tapered component up to a taper current (ITA) of 10 A
with a constant 350 mA RWG injection current (IRWG).
The kinks in the untapered component output power are
related to the lasing longitudinal mode changing to match the
maximum DBR reflectivity, when the temperature of the active



AHO et al.: HIGH-POWER 1180-nm GaInNAs DBR LASER DIODES 2025

Fig. 4. The output power and voltage of a tapered LD from 0 A to 10 A
tapered section current at 20 °C. The RWG section current was held at constant
350 mA.

Fig. 5. Spectra from the untapered component at 20 °C mount temperature
with various injection currents. The spectral resolution is 0.05 nm.

region increases [13]. At 20 °C the untapered and tapered
components reached output powers of about 655 mW and
4.04 W, respectively (limited by the current range used for the
measurements). We note that the power curve for the tapered
LD does not show significant signs of roll-off at the maximum
current available for the measurement.

The emission wavelength of the components could be tuned
by changing the mount temperature or the injection current.
The tuning rates for the untapered and tapered components
were about 90 pm/°C for temperature and about 0.30 pm/mA
and 0.14 pm/mA for current, respectively. The emission spec-
tra with various injection currents are shown in Fig. 5 and
Fig. 6. The mode hops between adjacent DBR modes and the
shift in the emission wavelength with increasing current can
be seen in Fig. 7 and Fig. 8. The temperature stability of the

Fig. 6. Spectra from the tapered component at 20 °C mount temperature
with various ITA while IRWG was constant 350 mA. The spectral resolution
is 0.05 nm.

Fig. 7. Spectra of the untapered component from 100 mA to 2000 mA.

components was good: the untapered and tapered components
reached output powers of over 400 mW and over 1500 mW
at 60 °C, respectively.

The spectrum full width at half maximum (FWHM) at 20 °C
mount temperature was 50 pm for the untapered component
with 2000 mA injection current and 270 pm for the tapered
component with ITA = 10 A, IRWG = 350 mA. The spec-
tral width of the untapered component was limited by the
resolution of the used Anritsu MS9710C optical spectrum
analyzer [14], but self-homodyne linewidth measurements
from previous generation components with similar structure
have yielded fitted Lorentzian FWHM below 250 kHz [9].
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Fig. 8. Spectra of the tapered component from 1 A to 6 A with
IRWG = 350 mA.

We expect that the FWHM of the tapered component can be
significantly reduced by using an AR coating with a smaller
reflectance. A preliminary test showed that, at a power level
of 1.7 W, applying a two-layer Al2O3/TiO2 AR coating to
a tapered DBR (similar to the coating we applied to the
untapered DBR) resulted in a spectral peak FWHM of 70 pm,
which is close to the resolution limit of the spectrum analyzer,
while the single-layer Al2O3 AR coating resulted in a FWHM
of 220 pm.

The far-field (FF) fast axis and slow axis FWHM of the
untapered component at 2000 mA injection current were ∼40°
and ∼7°, respectively. For the tapered component at 10 A
injection current, the FF fast axis and slow axis FWHM were
∼40° and ∼6°, respectively.

IV. CONCLUSIONS

We reported the highest power to date for narrow-linewidth
untapered DBR laser diodes emitting around 1180 nm and
demonstrated for the first time GaInNAs tapered DBR laser

diodes in this wavelength range. At room temperature the
output power of the untapered and tapered DBR-LDs reached
655 mW and 4.04 W, respectively. The high output power
is linked to the use of a GaInNAs-based QW structure
which enables smaller strain and improved carrier confinement
compared to traditional GaInAs material. The high output
power and narrow linewidth make these kinds of components
interesting for the development of frequency-doubled lasers
with emission at yellow–orange wavelengths.
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Wavelength information is essential for any researcher in optics and photonics, and for this reason, a wide range of
devices is available for measuring it. However, the techniques available today are limited either to a resolution of
nanometers or a measurement rate of kHz. In this paper, we present a simple but highly versatile technique based
on second-harmonic generation to measure fast wavelength dynamics of laser diodes. We demonstrate a resolution
of 0.7 pm and a measurement rate in the MHz range. The measurement rate is limited only by the photodetector,
and the wavelength resolution is limited mainly by the length of the nonlinear crystal and the noise of the
detectors. The technique can, e.g., be used to investigate the mode-hop behavior of laser diodes during pulsed
operation. To demonstrate this, we show the wavelength changes of a laser diode during a single pulse. © 2018

Optical Society of America

OCIS codes: (140.3295) Laser beam characterization; (140.2020) Diode lasers; (190.2620) Harmonic generation and mixing.
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1. INTRODUCTION

The wavelength is one of the most fundamental properties of
light, and its measurement is, therefore, essential to researchers
in optics and photonics. For this reason, there are many tech-
niques for measuring wavelength, some of which are broadly
used in commercial devices. For example, optical spectrum ana-
lyzers (OSAs) based on scanning Michelson interferometers [1]
yield a lot of information due to the generation of full spectra
with a resolution down to roughly 10 pm. However, their mea-
surement speed is also typically limited to a few Hz or slower,
and they require the spectrum to remain constant throughout a
measurement. Grating-based spectrometers can achieve signifi-
cantly higher speeds by using line cameras; however, their spec-
tral resolution is typically limited to about one nanometer
by the grating. Streak cameras can push the temporal resolution
to the radio frequency regime, but they still rely on gratings for
the spectral resolution. The spectral resolution can be pushed
to a few pm using a double-echelle monochromator while
maintaining a measurement rate close to 1 kHz [2].

For single-frequency lasers, wavemeters can push the
spectral resolution down to femtometers by either speckle-
based methods [3,4] or interferometry. However, these
techniques still require either an array detector or a scanning

mechanism, and they are therefore still limited to kHz
measurement rates.

Nonlinear optics, and specifically second-harmonic
generation (SHG), has been utilized for decades to characterize
ultrashort optical pulses with autocorrelation and frequency re-
solved optical gating (FROG) [5]. For these setups, a thin non-
linear crystal is used to ensure that phase matching is achieved
for the entire spectral content of the pulse. In a special variation
of FROG, a thick nonlinear crystal is used with a tightly
focused beam to map the angular dependence of the phase
matching onto a camera to eliminate the spectrometer usually
used for FROG [6]. Due to the need for a wide spectral accep-
tance, these methods typically make use of birefringent phase
matching. For lower-peak-power lasers, the efficiency of
birefringent crystals is often too low to get sufficient signal.
The above methods are, therefore, mainly appropriate for
ultrashort pulses with high peak power.

Most systems can be sufficiently characterized with either
a high wavelength resolution or a fast measurement rate.
However, with the increased availability of frequency-stabilized
high-power laser diodes has come an interest in the wavelength
stability of these during arbitrary modulation. An example of
this is modulation of the second-harmonic light generated by

1432 Vol. 57, No. 6 / 20 February 2018 / Applied Optics Research Article

1559-128X/18/061432-05 Journal © 2018 Optical Society of America



frequency doubling of these laser diodes [7,8]. Here, the wave-
length needs to be stable within a few tens of picometers during
a single pulse. To the best of our knowledge, there are currently
no commercial systems capable of measuring this.

In this paper, we present a technique to determine wave-
length dynamics of single-frequency laser diodes, which utilizes
the steep wavelength dependence of thick nonlinear crystals.
While the technique works with most types of nonlinear
crystals, we chose to use periodically poled materials since these
enable tailoring the center wavelength to the desired spectral
area and provide high conversion efficiency, even for continu-
ous-wave (CW) lasers. The center of the wavelength acceptance
curve can be tuned with temperature, while the crystal length
determines the width of the curve [9]. By measuring the con-
version efficiency of the crystal and comparing it with the crys-
tal’s wavelength acceptance curve, the wavelength of the
fundamental light can be deduced. Using this technique, we
achieve sub-picometer resolution with MHz measurement rate
and show the evolution of a laser diode’s wavelength during a
single pulse.

2. SETUP AND RESULTS

A sketch of the experimental demonstration setup is shown
in Fig. 1.

The laser used for the demonstration was a distributed Bragg
reflector (DBR) tapered laser diode similar to the one described
in Ref. [10]. The laser diode was protected from optical feed-
back by an optical isolator, after which a portion of the power
was picked out using the first polarizing beam splitter of a sec-
ond isolator. The pick-off light was split between a calibrated
power meter and a fast photodetector (Thorlabs DET210) to
allow for both calibrated measurements of the input power to
the crystal and fast measurements of the input power by con-
necting the photodiode to an oscilloscope (Lecroy WaveSurfer
104MXs-A 1 GHz). The rest of the fundamental light was sent
through the isolator to further protect the laser diode from feed-
back from the crystal and a half-wave plate to align the output
polarization to the phase-matched crystallographic axis. After
the periodically poled lithium niobate (PPLN) crystal, the re-
maining fundamental light was separated before the second
harmonic was collimated and split onto another photodiode
(Thorlabs PDA100A-EC) and another calibrated power meter.

The nonlinear efficiency η of the crystal is related to the
fundamental power Pω and the second-harmonic power P2ω

through the following relation [11]:

P2ω � ηP2
ω: (1)

In this definition, η is independent of the fundamental
power and is often given in units of %/W. It should be noted
that this expression assumes negligible depletion of the funda-
mental power. However, for depletions below 5%, this expres-
sion is a very good approximation. High powers can also lead to
thermal effects in PPLN, which can affect the wavelength
acceptance curve of the crystal and it is, therefore, important
to stay at medium to low input powers (<2 W) for these mea-
surements. η is calculated only for points where the fundamen-
tal powers are significantly higher than the background noise.

The acceptance curve of an 8 mm and a 20 mm PPLN crys-
tal was measured by varying the temperature of the laser diode
and measuring the wavelength with an OSA (Advantest
Q8347) and the powers with the power meters. The crystal
lengths were chosen to match the wavelength range of the dy-
namics seen in the tapered laser diode. The following formula
was used for fitting:

η � a sinc2�Δλ∕b�: (2)

The results are shown in Fig. 2. The fit was limited to an
interval where there is a one-to-one correspondence between η
and the wavelength. η values outside this range are ignored. The
one-to-one correspondence is strictly valid only if the instanta-
neous frequency is single frequency. The best fit parameters
were a � 0.805%∕W and b � 307 pm for the 8 mm crystal,
and a � 2.09%∕W and b � 137 pm for the 20 mm crystal.

It is important to ensure that the measurement is done on
the correct flank of the wavelength acceptance curve. For our
experiments, this was done by operating the laser diode in CW
(or quasi CW) and adjusting the temperature of the crystal to
the half-way point on the left flank. When a value of η has been
calculated, the sinc2 fit is used to convert it to a wavelength
offset from the peak of the acceptance curve. The absolute
wavelength can then be found by adding the center wavelength
of the acceptance curve. This center wavelength increases
approximately linearly with the temperature of the crystal at
a rate of 82.1 pm and 80.3 pm per kelvin for the 8 and
20 mm crystals, respectively. Since the acceptance curve is de-
fined by the material, the calibration needs to be done only

Fig. 1. Sketch of the demonstration setup. OI, optical isolator; λ∕2,
half-wave plate; PM, power meter; PD, photodiode; ND, neutral den-
sity; PPLN, periodically poled lithium niobate crystal.

Fig. 2. Wavelength acceptance curve of an 8 mm and a 20 mm
PPLN crystal. Fits to sinc2 functions are shown in red. The fit is sub-
sequently used to convert from η to wavelength.
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once, as long as the beam path through the crystal remains the
same. For this work, the calibration was done once for each
crystal, and no recalibration was needed over a period of a
few weeks. For a free-space setup like this, one could be con-
cerned about shifts due to variations in the beam quality (M 2)
and beam pointing. However, we did not find any significant
influence of these parameters for the laser used in these experi-
ments. The issue can also be avoided completely by using a
fiber-coupled input, more rigidly defining the beam path
and beam quality inside the crystal. For this paper, we have
assumed the laser is single frequency at all times. In many cases,
“multi-frequency” lasers are actually instantaneously single fre-
quency but experience rapid hopping between competing
modes. In this case, the technique is still valid if the hopping
can be temporally resolved by the photodiodes and the possible
modes are all within the measurement range. If, on the other
hand, the laser has a number of closely spaced modes that coex-
ist and are distributed within a range that is significantly nar-
rower than the measurement range, then the interpretation of
the results becomes more complex due to the fact that η de-
pends on the number of modes and their distribution. If
the modes are uncorrelated in phase, have equal power, and
the spectral distribution is infinitesimal compared to the accep-
tance bandwidth of the crystal, then the maximum obtainable η
scales as [12]

ηMM � ηSM�2 − 1∕N �; (3)

where ηMM and ηSM are, respectively, the nonlinear efficiency in
multi-mode and single-mode operations for the same funda-
mental power, and N is the number of modes. The technique
presented here can, therefore, still be used for a multimode laser
in this case, if the number of modes in the laser remains con-
stant, but it would require a calibration for the specific laser. In
principle, the technique could also be used for a laser with a
wider spectral distribution [13], but it would again require a
calibration for the specific laser. The technique might also work
in other special cases; however, in all cases, it would require the
multi-mode behavior to be constant to keep a correlation be-
tween η and the wavelength during the measurement and
calibration.

In the first test (i), the temperature of the laser diode heat
sink was varied as a slow sine function while simultaneously
measuring the fundamental power, second-harmonic power,
and laser temperature as well as the wavelength measured by
the OSA. Figure 3 shows the diode heat sink temperature to-
gether with the fundamental power, second-harmonic power,
the calculated nonlinear efficiency (η), and both the calculated
and measured wavelengths. The fundamental power varies by
only <2%, and for this reason, the calculated η closely follows
the second-harmonic power, indicating that the temperature
influences mainly the laser wavelength as expected. The maxi-
mum depletion is 1%, so the low depletion approximation is
valid. Over a 3 h period, the OSA measurement and the calcu-
lated wavelength show very good agreement except for a small
wavelength offset of 2 pm. This offset is likely due to the crystal
temperature not being completely decoupled from the room
temperature. When measurements from several days were com-
pared, this offset could vary a few tens of pm, but this problem
can be overcome by better thermal management. This simple

implementation of the SHG technique achieved a resolution of
0.7 pm with an 8 mm crystal and a thermal power meter.

Figure 4 shows another 3 h measurement using the 20 mm
crystal while a slow sine function offset was applied to one of
the injection currents to the laser diode. The conversion effi-
ciency used with this crystal is 3%, so the low depletion
approximation still holds. For this measurement, a resolution
of approximately 0.4 pm was achieved. From Fig. 4, it is clear
that the resolution of our technique is a significant improve-
ment over the OSA resolution of 3 pm. The resolution can
be further improved by using a lower noise photodetector
and/or using a longer crystal. A longer crystal will, however,
decrease the measurable wavelength range for any fixed crystal
temperature.

In test (ii) the measurement rate of the system was increased
by connecting the fast photodiodes to the oscilloscope and
calibrating them using the power meters. Figure 5 shows
measurements for which the wavelength of the laser diode
was modulated by changing an injection current of the laser
diode. Figure 5 also shows that the 200 kHz modulation is

Fig. 3. Test (i), part 1. From top to bottom: laser heat sink temper-
ature (T laser), fundamental power input to the 8 mm PPLN crystal
(Pω), generated second-harmonic power (P2ω), calculated nonlinear
efficiency (η), and a comparison of the wavelength (Δλ) measured
by the OSA (black dots) and the SHG technique (red line). The center
wavelength is 1061.7 nm. The bottom graph shows good agreement
between the measurements.
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clearly resolved with our system. Unfortunately, the resolution
is lower than in Fig. 4 because of the low bit depth of the
oscilloscope. Furthermore, the traces taken with the oscillo-
scope had a significantly higher noise than the power meters.
Unfortunately, we are unable to cross check the absolute wave-
length with this high measurement rate, so we cannot give an
estimate of the absolute accuracy for measurements with the
photodiodes.

In test (iii), the response time of the technique was inves-
tigated by inducing a mode hop in the laser diode with a slow
ramp of an injection current. The resulting wavelength mea-
surement is shown in Fig. 6. The measured wavelength jump
is 55 pm, which is consistent with the longitudinal mode
spacing of the laser diode.

The fall time of the signal is 0.2 μs (90%–10%), which is
consistent with the specified bandwidth of the photodetector.
Since the SHG process itself responds to wavelength changes
on optical time scales, the photodiode bandwidth is in practice
the limiting factor for the measurement rate of the SHG
technique. It can, therefore, be made at least three orders of
magnitude higher by using a faster photodiode.

In test (iv), the system was used to characterize the mode
behavior of the laser diode during pulsed operation. A square

current pulse was delivered to the laser diode, and both the
fundamental and second-harmonic powers were measured.
The measurement results on a single pulse are shown in
Fig. 7. The figure shows that while the infrared power was
stable throughout the pulse, the wavelength drifted at least
200 pm, and the laser underwent at least 6 mode hops.

3. SUMMARY

To summarize, we have demonstrated a new technique for
measuring fast wavelength dynamics of laser diodes based on
the wavelength-dependent nonlinear SHG efficiency of a
nonlinear crystal.

We demonstrated a sub-picometer wavelength resolution
using both 8 mm and 20 mm long PPLN crystals and a mea-
surement rate in the MHz range using cheap commodity
photodetectors. The measurement rate is ultimately limited
by the bandwidth of the photodiodes and can, therefore, reach

Fig. 4. Test (i), part 2. Wavelength of the laser diode measured with
the OSA (black open dots) and the SHG technique (red closed dots).
Our SHG technique shows approximately a factor of 10 improvement
in resolution over the OSA.

Fig. 5. Test (ii). SHG technique measurement of the wavelength of
the laser diode during a 200 kHz modulation of one of the injection
currents. The 20 mm crystal was used for this measurement. 200 kHz
was the bandwidth limit of the current driver, and the SHG technique
easily resolves it.

Fig. 6. Test (iii). Step-change response of the SHG technique,
shown as the calculated wavelength change over a laser mode hop.
The fall time is consistent with the bandwidth of the photodetector.

Fig. 7. Test (iv). Behavior of the fundamental power, second-har-
monic power, and wavelength of the laser diode during a single pulse.
The high measurement rate clearly resolves the mode hops and the
slope of the wavelength change at different times during the pulse.
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the GHz range to resolve temporal dynamics in the ns range if
necessary. The high measurement rate makes the system
capable of measuring the wavelength evolution during a single
pulse from a diode laser. The main limitation on the resolution
for a specific crystal in our setup was the noise on the measure-
ments. Detector noise, stray light, and thermal fluctuations of
the crystal will limit the system resolution, but this can be mini-
mized by enclosing the whole system in a temperature-stabi-
lized box. Higher resolution could also be achieved by using
longer crystals.

While the narrow operation range on a single crystal means
that forehand knowledge of the approximate wavelength is
needed, the high design freedom of quasi phase-matched crys-
tals means the system can be designed for any wavelength for
which crystal material and detectors are available. Furthermore,
the calibration of the system is simple and in principle needs to
be performed only once for each crystal. The high wavelength
selectability of the nonlinear crystals means that the measurable
wavelength range with each crystal is narrow compared to other
techniques. This can to some degree be mitigated by using crys-
tals with multiple periodic poling channels or a fanned-out
periodic poling structure, but each crystal will still be limited
to a range in the order of 100 nm.

The sensitivity of the system is limited by the sensitivity and
noise of the detection system. Our setup required a few mW of
second-harmonic light, but with an avalanche photodiode, one
could use the technique with as little as 10 nW of second-har-
monic light while still maintaining 10 MHz bandwidth. With
the 20 mm crystal, this would require roughly 1 mW of funda-
mental light. We believe this technique can be used to extract a
lot of information about fast wavelength dynamics in, e.g., laser
diodes, which could be used to find better ways of performing
stable on–off modulation of the second-harmonic light [7,8].

Funding. Innovation Fund Denmark (5016-00076B).
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A B S T R A C T

Modulated yellow lasers may enable more efficient photocoagulation for treatments of ophthalmic diseases. In
this regard, we present a laser system emitting 2.7 W of true-yellow light at 576 nm by frequency doubling the
emission of a tapered diode laser emitting 7 W at 1153 nm. The frequency doubling is based on a single-pass
configuration using a cascade of two 40-mm periodically poled lithium niobate (PPLN) crystals. The stabilization
of the yellow power over 10 h showed a standard deviation of 0.10% and a relative intensity noise of 0.032%
rms. Moreover, we demonstrate the generation of yellow pulses with 900 mW of amplitude and a high extinction
ratio in the microsecond and millisecond regimes, as required for photocoagulation.

1. Introduction

High-brightness yellow lasers are seen as the next step in medical
laser treatment of various diseases. Traditionally, most eye surgeries
and eye treatments have been conducted by using green laser light to
control blood coagulation [1,2]. However, the optimal wavelength for a
particular photocoagulation application depends on the absorbers that
are present in the area to be treated. For instance, using yellow light
at 576 nm entails two advantages. First, it spectrally matches the main
absorption peak of oxygenated hemoglobin. Second, for those patients
suffering from cataracts, melanin absorption is lower than when using
green light. These two characteristics make treatments involving longer
wavelengths such as yellow light at 576 nm more efficacious [3]. The
use of yellow lasers is not limited to medical treatments, it can also be
beneficial in medical imaging, for instance, to excite fluorescent markers
in Stimulated Emission Depletion Microscopy (STED) [4].

Yellow emission using semiconductor lasers can benefit from their
well-known advantages, i.e., high electro-optical conversion efficiency,
compactness, and simplicity. Despite the recent advances reported
for semiconductor lasers emitting at the yellow–orange range [5,6],
the attained output power of few mW is still far from the required
levels, usually in the Watt-range. This limitation has typically been
circumvented by means of nonlinear processes such as second harmonic
generation (SHG) or sum frequency generation (SFG) on several tech-
nologies, such as diode pumped solid state (DPSS) lasers, Raman lasers,
fiber lasers and optically pumped semiconductor lasers (OPSL).

∗ Corresponding author at: Norlase ApS, Brydehusvej 30, 2750 Ballerup, Denmark.
E-mail address: mvilera@norlase.com (M. Vilera).

DPSS lasers have reached more than 1 W in the yellow–orange
range [7–9] but at expenses of a low optical to optical conversion effi-
ciency (≃ 10%). Raman lasers can also generate Watt-level yellow light
together with a good beam quality [10,11], although they suffer from
a low conversion efficiency, as in the case of DPSS lasers. Fiber lasers
have shown outstanding performances with tens of Watts of yellow light
and excellent beam quality [12–14]. However, these systems are rather
complex and expensive, limiting their widespread use. OPSL lasers are
promising sources thanks to the available wavelengths, tunability and
modulation capability. They have demonstrated more than 8 W and
20 W at 578 nm [15] and 588 nm [16]. In spite of this, they require
adequate and careful heat dissipation to manage such high-output power
since only a fraction of the pump energy is converted to the desired
wavelength [17].

Yellow emission can also be obtained by direct frequency doubling
of diodes lasers. For efficient visible generation, the diode laser should
emit a single longitudinal and lateral mode, exhibit spectral stability and
good beam quality. Tapered diode lasers can successfully fulfill these
requirements. Moreover the recent development of these devices at
other infrared wavelengths such as 1154 nm [18] opened the possibility
of addressing new visible wavelengths, in particular, at the yellow
range. For instance, 860 mW of yellow light were generated by direct
doubling the emission of a tapered diode laser in a waveguide non-
linear crystal [19]. Almost simultaneously with this work, 1.6 W at
576 nm were reported in [20] by doubling the emission of a hybrid

https://doi.org/10.1016/j.optcom.2018.11.052
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Fig. 1. Attained power by different technologies at the yellow–orange range as a function
of the optical to optical conversion efficiency. The colored areas were plotted to guide the
eye . (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

all-semiconductor master-oscillator power-amplifier (MOPA). Although
this result represents a noteworthy improvement in the attained yellow
power, most of the commercial lasers used for photocoagulation deliver
the expected power of 2 W [21] and therefore laser systems providing
higher powers such as 2.7 W are needed to overcome potential system
losses. From a technological point of view, the realization of miniatur-
ized systems based on compact hybrid MOPAs is appealing, but the
manufacturing and assembly process for placing the micro-optics and
for coupling the light from the MO into the PA is challenging since
nanometric tolerances are required.

For the previously mentioned technologies, Fig. 1 depicts the at-
tained power at the yellow–orange range as a function of the optical
to optical conversion efficiency. In dashed line, the latest power level
achieved in [20] by a diode-based frequency doubling system. It is
clear that within the diode-based technologies, our laser system shows
an enhanced performance in terms of both power and conversion
efficiency. Preliminary CW results of a 1-W yellow laser were reported
by our group in [22]. In this work, we significantly increase the yellow
output power up to 2.7 W while maintaining the near-diffraction-limited
beam quality. This power increase drives our technology to power
levels delivered by DPSS and Raman lasers but in addition, our laser
system provides a higher conversion efficiency thus a clearly superior
performance. Moreover, we report for the first time the generation of
yellow pulses with 900 mW of peak power in the microsecond and
millisecond regimes. This represents an increase of almost 4 times the
yellow peak power achieved in [23] by modulating the SHG light of
DBR tapered lasers and MOPAs.

2. Experimental setup

Fig. 2 shows the experimental setup used for the generation of yellow
light at 576 nm by frequency doubling the emission of a tapered diode
laser emitting at 1153 nm. A description of the experimental setup has
been reported elsewhere [24] and therefore only the relevant features
are repeated here. The tapered diode laser is a monolithically integrated
device consisting of two sections: a ridge waveguide (RW) section with a
distributed Bragg reflector (DBR), and a tapered amplifier (TA) section.
The device emits a maximum of 7 W in a single longitudinal mode
and a dominant spatial mode with a power content in the central
lobe of approximately 67%. The chip was mounted p-side up with two
separate contacts for driving the RW and TA sections. Details about
the fabrication, geometry and epitaxial structure of these devices can
be found in [19]. Due to the astigmatic character of the emitted beam
by tapered diode lasers, two lenses were used for the collimation of
the output beam: An aspheric lens for the fast (vertical) axis (𝑓 = 2
mm) and a cylindrical lens for the slow (horizontal) axis (𝑓 = 5.8 mm).
Since the astigmatism depends on the TA current, the collimation of the

Fig. 2. Schematic representation of the experimental setup for generating yellow light .
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. SHG power as a function of the fundamental IR power. The temperature of the
crystals was adjusted for each point of the curve.

slow axis was set for the maximum TA current, which in turns leads to
the maximum SHG light. Both lenses were AR-coated for the infrared
(IR) wavelength of interest. The collimated IR light was passed through
an optical isolator to prevent unintended optical feedback to the diode
laser. A half-wave plate was used to rotate the polarization to vertical in
order to match the crystallographic 𝑍-axis of both crystals. After that,
the beam was steered using two plane mirrors, and focused into the first
40-mm periodically poled lithium niobate (PPLN) crystal using a lens
(𝑓 = 45 mm). The two identical spherical mirrors (𝑀1, 𝑀2, Radius 𝑅 =
100 mm) refocus both the fundamental IR light and the SHG light. The
phase plate in between compensates the phase mismatching between
both IR and visible fields and maximizes the SHG light out of the second
40-mm PPLN crystal, as described in [25]. Finally, the remaining IR light
was separated from the visible light using an IR beam dump.

3. Measurements

3.1. CW

Fig. 3 shows the SHG power as a function of the fundamental IR
power for each crystal and for both in a cascaded configuration. The
fundamental IR power was changed by sweeping the TA current. For
each point of the curve, the temperature of the first and the second
crystal, 𝑇𝐶1 and 𝑇𝐶2 respectively, were tuned to phase match both of
them (cascaded) or only one of them at a time. The SHG power is
expected to depend on the square power of the fundamental IR light
(dashed lines). The small disagreement between the expected and the
measured power values can be attributed to both the fixed position of
the collimation of the slow axis and a deterioration of the beam quality
at high output powers. The maximum IR power was 6.8 W when the
tapered diode laser was driven at an RW current, 𝐼𝑅𝑊 = 250 mA, a TA
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Fig. 4. Optical spectrum at the maximum SHG power. The driving currents for the tapered
diode laser was 𝐼𝑅𝑊 = 250 mA and 𝐼𝑇𝐴 = 12 A. The temperature of the crystals were 𝑇𝐶1
= 36 ◦C and 𝑇𝐶2 = 35.7 ◦C.

Fig. 5. Beam diameters according to the second order moments at 2.7 W yellow light.
The inset shows an image of the beam at the focus.

current, 𝐼𝑇𝐴 = 12 A and at a temperature of 𝑇 = 18 ◦C. At this power
level, the maximum SHG power was 1 W for the first crystal (𝑇𝐶1 =
36 ◦C), 1.1 W for the second crystal (𝑇𝐶2 = 35.1 ◦C), and 2.7 W for
the cascaded crystals (𝑇𝐶1 = 36 ◦C, and 𝑇𝐶2 = 35.7 ◦C). To the best
of our knowledge, 2.7 W of yellow light represents the highest power
generated in the yellow spectral region by direct frequency doubling
the emission of a diode laser. In line with previous works, the cascaded
SHG power is higher (∼29%) than the sum of the attained powers by the
individual crystals. The optical-to-optical efficiency was ∼39%, whereas
the wall-plug efficiency was 9.1% when considering the cooling and
total consumption of the tapered diode laser and the heating of the
crystals.

Fig. 4 shows the recorded optical spectrum for the SHG emission
and for a yellow output power of 2.7 W. At this condition, the laser
system exhibits single-mode emission at 576.3 nm with a high side-
mode-suppression-ratio (SMSR) (> 19 dB). The spectral width of ∼4 pm
was limited by the resolution of the optical spectrum analyzer (OSA
Advantest, Q8347).

The SHG light beam was characterized using a beam profiler (Ophir
Photonics, Spiricon M2-200s). Fig. 5 depicts the beam caustics for the
maximum SHG power of 2.7 W. The inset shows the focused beam
profile. The beam quality factors M2

4𝜎 based on the second moment
criterion are 1.14 and 1.05 in the slow and fast axis, respectively.

The long-term stability of the SHG power was also investigated
by means of an active feedback loop that tuned the temperature of
the crystals while the tapered diode laser was kept at fixed injection
conditions. This ensures that the modal quality of the tapered diode
laser remains unchanged. Fig. 6 shows the SHG power over 10 h
with a sampling period of 1 s The standard deviation was 2.064 mW,
corresponding to 0.10% of the mean power (2 W).

The noise characteristics were measured according to the experi-
mental method described in [26]. Fig. 7 depicts the amplitude power
spectral density (PSD) at 2 W (gray line) together with the detection

Fig. 6. Power stability over 10 h. The inset shows the same SHG power as a function of
time but in a range of 45 mW. The power meter bandwidth was 100 kHz.

Fig. 7. Amplitude noise of the SHG light from both nonlinear crystals (top). Cumulative
integrated RIN starting at 10 MHz and ending at 100 Hz (bottom). The SHG power was
stabilized at 2 W (𝐼𝑅𝑊 = 250 mA and 𝐼𝑇𝐴 = 12 A).

limit of the setup (black line). The integrated relative intensity noise
(RIN) defined as the root mean square of the integrated PSD over a
range of frequencies ([100 − 10M] Hz) is also shown. The integration
range was set up to 10 MHz, value at which the amplitude signal equals
the detection limit. The low RIN of the laser system is the result of the
RIN of the low noise current supply (Norlase Aurora One) transferred
to the tapered diode laser, and subsequently, to the second harmonic
light. The total integrated RIN of 0.032% is in the same order of
magnitude as the RIN values reported in low-noise commercial visible
lasers (∼0.02%) [26,27].

3.2. Modulation

The modulation of the second harmonic light is essential to address
medical applications that are currently demanding microsecond and
millisecond pulses [28,29]. In this regard, laser systems as described
here can benefit from the inherent ability of diode lasers to be modulated
over a wide range of frequencies. In practice, the direct modulation of
the diode lasers gives rise to thermal fluctuations, which in turn modifies
the refractive index and thus the emission wavelength. The difficulty
is then to find an appropriate set of driving conditions at which the
wavelength of the fundamental IR emission remains not only within the
acceptance bandwidth of the crystals but also within the maximum SHG
efficiency throughout the ‘‘on-state’’ of the pulse. Or alternatively, to
use modulation schemes that benefit from the narrow and well-defined
acceptance bandwidth, as described in [30] for MOPA devices. In order
to illustrate this challenge, we first measure the acceptance bandwidth
of both the individual crystals and the cascaded configuration, and we
compare it with the expected longitudinal mode hop of the tapered
diode laser. Fig. 8 shows the normalized SHG efficiency as a function of
the wavelength drift of the tapered diode laser. The emission wavelength
is 1153 nm. If a mode hop occurs by varying the currents of the tapered
diode laser, the SHG efficiency will be reduced 15% for the single
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Fig. 8. Normalized SHG efficiency for the single crystals (orange circles) and for the
cascaded configuration (black squares) relative to the wavelength drift 𝛥𝜆. 𝛥𝜆 is defined
as the diode emission wavelength 𝜆𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 minus the central wavelength 𝜆0 = 1153 nm.
Solid lines are drawn to guide the eye.

Fig. 9. Modulation results for two pulse durations 𝑇𝑝𝑢𝑙𝑠𝑒 = 25 μs (a) and 𝑇𝑝𝑢𝑙𝑠𝑒 = 25 ms (b).
The CW conditions were 𝐼𝑅𝑊 = 300 mA, 𝐼𝑇𝐴 = [2, 10] A. The temperature of the PPLN
crystal was 𝑇𝐶1 = 34.8 ◦C.

crystal (orange line) and 65% for the cascaded crystals (black line).
Usually, the sensitivity to mode-hopping of the tapered diode laser in the
cascaded configuration precludes the generation of high-power visible
pulses together with a high extinction ratio.

In our experiment, modulation was achieved by driving the RW
section in the CW regime whereas an alternating current was injected
into the TA section. The RW current was slightly increased to 𝐼𝑅𝑊 =
300 mA, value at which the pulses were stable. The alternating current
was applied by using a voltage modulation input from the TA current
supply (Arroyo Instruments, 4320). Modulation can also be attained by
varying only the RW current, with the main disadvantage that the yellow
light cannot be completely extinguished. Fig. 9 depicts the temporal
response for the yellow light in the microsecond (a) and the millisecond
(b) regimes when only the first crystal is at phase-matching. The rise and
fall times are 15.4 and 8.8 μs, respectively. In the microsecond regime,
the smoothing of the pulse shape is due to the frequency response of
the driving electronics. In the millisecond regime, ripples at the top
of the pulses can be observed. They are attributed to the shift of the
fundamental wavelength around the maximum SHG efficiency of the
crystal bandwidth. For both regimes, the optical modulation amplitude
is almost 900 mW and the extinction ratio is 21 dB. Modulation using
both cascaded crystals was possible provided that the maximum 𝐼𝑇𝐴 <
8 A. For higher values of 𝐼𝑇𝐴, the yellow modulation proved to be
challenging and is still under investigation.

4. Conclusions

In this work we present a laser system emitting 2.7 W of true-yellow
light at 576 nm by cascaded frequency doubling of a tapered diode
laser. The measurement of the beam profile of the second harmonic light
shows beam quality factors of 𝑀2

4𝜎 of 1.14 and 1.05 for the slow and fast
axis, respectively. The stabilization of the second harmonic light during

10 h exhibits a standard deviation of 0.10% over 2 W. The integrated
relative intensity noise from 100 Hz to 10 MHz is 0.0342%, comparable
to the typical values for low-noise yellow lasers. We also demonstrate
the generation of high-power yellow pulses of 900 mW of amplitude for
the microsecond and millisecond regime with an extinction ratio larger
than 20 dB. The performance of this yellow laser: Watt-power, good
beam quality, low noise, modulation and power stability, has a great
potential in future medical laser treatments.
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Abstract—It is well known that laser diodes in general are 

sensitive to optical feedback, especially with regards to 

maintaining single-frequency operation. Until now, however, the 

feedback sensitivity of high power devices such as single-

frequency DBR tapered laser diodes has not been investigated in 

quantitative detail. In this paper we present and validate two 

setups for measuring the impact of optical feedback between 

−105 dB and −40 dB on high power laser diodes. Results for a 

typical DFB laser diode and a DBR tapered laser diode show 

good agreement with theory at low feedback levels and the results 

are reproducible between the setups. 

 
Index Terms—Diode lasers, distributed Bragg gratings, 

distributed feedback devices, measurement methods, optical 

feedback, sensitivity analysis, tapered diode lasers  

I. INTRODUCTION 

OR most applications the ideal laser source would be a 

semiconductor based laser diode due to the high 

efficiency, small size and low cost when produced in large 

quantities. In recent years developments in tapered laser 

diodes have proved that it is possible to produce laser diodes 

in the near infrared emitting over 10 W of power at a single 

frequency and with the majority of the power spatially 

contained in a Gaussian-like central lobe [1]–[3]. With electro-

optical efficiencies around 40 – 50 % and a mounted size of 

25 mm by 25 mm by 15 mm these devices are ideal candidates 

for applications within frequency doubling to the visible [4] or 

remote sensing applications [5]. However, reliable single 

frequency operation in a system often requires an optical 

isolation between 30 and 60 dB. Unfortunately the Faraday 

isolators necessary to achieve this isolation at 10 W of power 

are bulky, expensive and use strong magnetic fields to achieve 
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the high isolation. All of these parameters can counteract some 

of the benefits offered by the laser diodes.  

While external cavity diode lasers, obtained with high 

optical feedback power ratios, have been studied extensively 

[6], [7], the opposite is true for low levels of feedback which 

is sometimes known as parasitic reflections. The majority of 

the work done at low feedback power ratios was done during 

the early telecom years and have revolved around avoiding a 

state known as coherence collapse for distributed feedback 

(DFB) lasers often caused by reflections from fiber couplings 

[8], [9]. Some work has also gone into a more general 

description of the different effects seen at low feedback power 

ratios, both experimentally [10] and numerically [11]. 

However, the sole focus of that work was on simple ridge-

waveguide DFB laser diodes. Recent work has also shown that 

semiconductor ring lasers are less sensitive to optical feedback 

[12]. Unfortunately, the measurement setups and methods 

described in the literature are not suitable for quantitative 

characterization of the feedback sensitivity of single-

frequency high power diode lasers such as DBR tapered diode 

lasers. This is because they either rely on feedback to the back 

facet of the device which is not a realistic case for DBR 

tapered diode lasers, or they are already very specific for only 

one application e.g. feedback from a single mode fiber or a 

SHG crystal. Overall, the existing literature gives little insight 

into the problems associated with designing and using a setup 

where the results can be impacted by feedback power ratios as 

low as -80 dB, nor does it describe the reproducibility of the 

results. 

In this paper we give a detailed description of two generic 

setups for characterizing a laser diode’s response to optical 

feedback. The two setups are located at The Technical 

University of Denmark (DTU) and the Ferdinand-Braun-

Institut (FBH) in Berlin, Germany, and we will directly 

compare results from the two setups to show that the results 

are reproducible. 

II. THEORY 

In the literature the spectral effects of feedback has 

previously been divided up into 5 regimes [10]. For low levels 

of feedback the linewidth will either broaden or narrow and 

the center frequency will shift, both depending on the phase 

and strength of the feedback. However, the linewidth change 

is small and can be difficult to observe. For this reason we 

focus on the shift of the frequency which can be on the order 
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of a few hundred MHz. A simple laser with two mirrors, 

perturbed by feedback from a single external source, will 

undergo a frequency shift described by the following equation 

[10]: 

Δ𝜔 ≡ 𝜔 − 𝜔0 = −𝜅(sin(𝜔𝜏𝑒) + 𝛼 cos(𝜔𝜏𝑒)) (1) 

where ω is the frequency, ω0 is the frequency without 

feedback, τe is the round trip time for the external feedback, α 

is the linewidth enhancement factor and κ is defined by: 

𝜅 =
1

𝜏𝑠

1 − 𝑅𝑠

√𝑅𝑠
√𝑅𝑒 (2) 

where τs is the internal round trip time of the laser, Rs is the 

power reflectivity of the output coupler and Re is the power 

reflectivity of the external feedback source. The solutions to 

equation 1 are shown for 3 different levels of feedback in Fig. 

1.  

 
Fig. 1. Theoretical calculation of the frequency shift depending on the strength 
and phase of the feedback. From the figure it is clear that when the feedback 

reaches a certain strength (characterized by κτe) multiple solutions to equation 

1 exist, giving rise to a hysteresis with the direction indicated by the red and 

blue lines. 

Regime I is defined by any feedback lower than the point 

where multiple solutions exist for the laser at any phase. In 

Fig. 1 this would be very close to the center plot where 

κτe = 0.15. At higher feedback levels (Fig. 1 bottom) the 

availability of multiple solutions, highlighted as a grey area, 

lead to frequency hopping or splitting. If the phase is scanned 

back and forth a frequency hysteresis can be observed. This 

behavior is known as Regime II. In the literature describing 

the regimes for a DFB laser diode they also found a narrow 

region of stable operation at higher feedback levels called 

Region III just before the laser diode entered coherence 

collapse (Region IV) until finally external cavity operation 

starts (Region V) [10]. While this behavior serves as a good 

basis for comparison it is important to note that the behavior 

of more complicated devices, such as DBR tapered laser 

diodes, might behave differently due to filamentation, small 

internal reflections from transitions between internal sections 

of the device or other variations from a simple single 

transverse mode device. 

Of the 5 regimes, the border between Regime I and II is 

especially interesting for the contents of this letter since this 

describes the maximum feedback that the laser diode can 

handle before it starts to introduce instabilities. Regime I 

feedback will lead to a shift in the frequency but it is typically 

limited to be on the order of 100 MHz which is acceptable for 

many applications. However, our experience is that for the 

DBR tapered laser diodes there is a risk that the small 

frequency hopping in regime II will lead to a full longitudinal 

mode-hop of the laser cavity which is roughly 25 pm or 

6.6 GHz at 1064 nm. This frequency hop is enough to 

significantly impact many applications such as frequency 

doubling [13]. For this reason the transition from regime I to II 

is measured and used as a quantification of how sensitive the 

laser diodes are to optical feedback.  

III. THE SETUPS 

The main consideration for the setups is how to ensure a high 

coupling efficiency for the intended feedback while 

eliminating the feedback from other elements in the setup. For 

this reason the setups were designed to have as few and as 

simple optical elements as possible in the part of the system 

that is not isolated using a Faraday isolator. Sketches of the 

two setups are shown in Figures 2 and 3. Where it is possible 

the optics are slightly angled with respect to the optical axis to 

ensure the reflections are not coupled back into the laser 

diode. To make the coupling efficiency of the feedback stable 

the light is focused onto a mirror as this makes the coupling 

efficiency relatively independent of the mirror alignment.  

An uncoated wedge is used as a beam pick-off for the 

controlled feedback. Since the laser diodes used are p-

polarized relative to the wedge surface, the Fresnel reflectivity 

is roughly 1 % (-20 dB), so the maximum amount of feedback 

in the configurations described in this section is 

roughly -40 dB. If an s-polarized laser is used instead, the 

Fresnel reflectivity is roughly 10%, resulting in a maximum of 

roughly -20 dB. If even higher levels of feedback are needed 

then the positions of the diagnostics and the feedback braches 

can be switched since the diagnostics equipment requires very 

little light. We chose the configuration shown below to avoid 

having a high power input on the neutral density filters used to 

adjust the feedback level. 

Before any measurement is performed it is important to test 

that no components in the setup is producing too much 

unwanted feedback. This can be difficult to do in practice but 

here we utilize the fact that the effect of low levels of 

feedback is highly dependent on the phase of the feedback. 

This means that if a component is giving significant feedback 

then the emission frequency will be shifted if the component is 

moved along the optical axis by half a wavelength of the light. 

The emission frequency change can easily be in the hundreds 

of MHz and is therefore visible on the scanning Fabry Pérot 
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Interferometers. 

A. Setup 1: The setup at DTU 

 
Fig. 2. Sketch of the setup at the DTU. The fast axis of the laser diode is 

collimated using a biconvex aspheric lens (f = 2 mm). If the laser diode is a 

tapered diode then a cylindrical lens (f = 5.8 mm) is added to collimate the 

slow axis as well due to astigmatism.  

Fig. 2 shows a sketch of setup 1, located at DTU. After the 

laser diode is collimated an uncoated wedge is used to pick out 

a portion of the light for the controlled feedback. This light 

passes 2 reflective ND filters. The light is then focused onto a 

½ inch mirror using a lens with focal length 45 mm. The 

mirror is mounted on a piezo and both the mirror and the 

focusing lens in the feedback arm are mounted on a rail so that 

the distance to the laser diode can be varied from 25 cm to 

100 cm. The feedback power ratio is measured by inserting a 

power meter just before the feedback mirror and comparing 

the power here with the known output power of the laser. The 

light which is transmitted through the wedge is typically 

passed through a 30 dB isolator and then dumped. For 

diagnostics two scanning Fabry Pérot Interferometers (sFPI, 

Thorlabs SA200-8B and SA210-8B) are used together with an 

optical spectrum analyzer (OSA, Advantest Q8347). To avoid 

unwanted feedback from the diagnostics equipment we use 

multi-mode fibers to collect scattered light from the laser 

diode and the beam dump for the OSA and sFPIs, 

respectively. For collimation of the laser diode a camera and a 

lens is inserted after the ND filters to image the beam waist.  

B. Setup 2: The setup at the FBH 

Fig. 3 shows a sketch of setup 2, located at the FBH. The main 

difference between the two setups is the way the diagnostics is 

performed. While the setup at the DTU was designed to make 

sure the diagnostics equipment cannot influence the 

measurements, the setup at the FBH was designed to give as 

much information as possible. For this reason a wedge is 

included after the isolator to pick out some light for 

diagnostics. This light is split using two beam splitters to 

allow for two cameras imaging the beam waist and the far 

field and a coupling to a single-mode fiber splitter. The 

cameras are used both for monitoring changes in the beam 

during the measurements and for alignment of the setup, 

including collimation of the laser diode. The fiber-splitter is 

used to couple the light to an optical spectrum analyzer 

(Yokogawa AQ6373B) and a 10 GHz scanning Fabry Pérot 

Interferometer (Thorlabs SA210-8B). Both the optics used for 

collimating the laser diode and for focusing onto the feedback 

mirror are scaled up by roughly a factor of 2 compared to the 

DTU setup in terms of focal length. Due to this and a shorter 

rail the mirror distance can be varied slightly less than setup 1, 

from 35 cm to 90 cm. The residual feedback from the 

components was reduced in the same way as described for 

setup 1. 

 
Fig. 3. Sketch of the setup at the FBH. This setup achieves the controlled 
feedback in the same way as setup 1, except that the focal lengths of the lenses 

are: 4.5 mm for the aspheric first collimation lens, 25.8 mm for the cylindrical 

second collimation lens and 75 mm for the focusing lens. In this setup the 
feedback mirror is mounted on a linear stage with a 10 nm resolution instead 

of a piezo. 

C. Unwanted Feedback 

The unwanted reflections from the cylindrical lens, the 

wedge, the ND filters and the focusing lens can be avoided by 

tilting the elements and dumping the reflections so that they 

will not be coupled back into the laser diode. However, this 

leaves two components from where the unwanted reflections 

can be unavoidable. The aspherical lens used for fast-axis 

collimation cannot be angled due to the high numerical 

aperture needed. To calculate the amount of feedback from 

this element we used a ray-tracing software called winABCD-

3D developed at the FBH to estimate the amount of reflected 

light which is reflected into the entrance to the ridge 

waveguide of a tapered laser diode. For the 2 mm lens in the 

setup at DTU the estimated feedback is -76 dB and -78 dB 

from the lens’ first and second interfaces assuming a 0.25 % 

AR coating. Unfortunately this level of feedback can be 

enough to significantly affect some sensitive diodes. We have 

done calculations on other types of collimation optics 

including aspherical lenses with a longer focal length. For 

longer focal lengths the radius of curvature of the lens is 

higher, giving a less divergent reflection so no significant 

improvement is observed in theory or practice. Most other 

collimation schemes use a combination of cylindrical lenses 

where the plane side is towards the laser which increases the 

level of feedback. The sensitivity to feedback in regime I 

increases with the distance to the external reflection, and for 

this reason it is difficult to estimate how much the feedback 

from the fast axis collimator will impact the results. The other 

component that may cause problems is the Faraday isolator 

itself. First of all it gives rise to many extra reflections which 

needs to be dumped, and especially the light which is rejected 

by the two polarizing beam splitters (PBS) can cause problems 

if dumped on surfaces that are not sufficiently absorbing at the 

relevant wavelength. Therefore, it is paramount that the 
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isolator used allows these beams to exit the isolator, as the 

internal beam dump surfaces are typically not sufficiently 

absorbing. On top of this the scatting from the coating inside 

the first PBS and bulk scattering in the crystal used for the 

Faraday rotation can be enough to impact the measurements of 

sensitive diodes. For the work presented here the 

measurements were only performed on lasers where it was 

ensured that the feedback from these components was in 

regime I. 

D. Alignment 

Common for the two setups is the need for aligning the 

feedback mirror to achieve a high coupling efficiency. This 

needs to be done not only when a new laser diode is inserted 

in the setup but also every time the feedback mirror is moved 

to a new position as the setups currently have no way to 

monitor if the coupling efficiency has changed. This alignment 

can be done in two fundamental ways: 

The first option is to minimize the threshold for the laser. 

This is done by operating the laser close to threshold and 

measure the emitted power while applying a high amount of 

feedback. The better the coupling efficiency the lower the 

threshold of the laser and therefore the higher the emitted 

power is. This alignment is by far the easiest process, but for 

the tapered diodes it has the drawback that the alignment of 

the cylindrical lens depends on the astigmatism, which in turn 

depends on the emitted power. For this reason at least one 

camera is needed to ensure the beam doesn’t move during a 

subsequent realignment of the cylindrical lens.  

The second way to align the feedback mirror for high 

coupling efficiency is to monitor the signal from the sFPI 

while adjusting the feedback mirror and maximizing the 

feedback signature. Due to the large instabilities at higher 

levels of feedback this alignment should be performed either 

in or close to regime I feedback. In this regime the amplitude 

of the wavelength shift depends on the feedback power ratio, 

and this amplitude can therefore be maximized. This type of 

alignment has the advantage that it can be performed at the 

same operating parameters for the laser as will be used for the 

measurements, but it is time consuming and requires some 

training before it can be done in a way that yields reproducible 

results. Furthermore it requires continuous scanning of the 

feedback mirror during the alignment to observe the phase 

dependence of the feedback. 

We tested the two alignment procedures against each other 

in setup 1 by integrating a beam waist camera and found that 

they gave the same results with respect to the alignment of the 

feedback mirror. The threshold alignment procedure was 

therefore used when a camera was integrated in the setup since 

this alignment can be done significantly faster. 

IV. EXPERIMENTAL RESULTS 

Both setups were first tested at low optical powers 

(< 150 mW) with the same DFB laser. This initial test was 

performed to compare the setups to each other and to results in 

the literature. Then the setups were used to analyze the 

emission behavior under small external feedback of high 

power distributed Bragg reflector tapered lasers (DBR-TPL).  

A. DFB-Laser 

The DFB laser used for characterization of both setups was 

produced at the FBH. It has a length of 1.5 mm and a ridge 

waveguide (RW) width of 3 µm. For all shown measurements 

an injection current of IDFB = 200 mA was applied to the laser 

and it was active tempered to a heat sink temperature of 

T = 25 °C. At these drive conditions the laser emits at 975 nm 

with a spectral width of ≤ 32 fm (≤ 10 MHz). The full far field 

divergence angles are 21° and 16° for the vertical and 

horizontal axes, respectively. The horizontal beam 

propagation factor measured according to the ISO 11146 norm 

is M² = 1.1 with a power content of above 96 % in the central 

peak.  

 
Fig. 4. Example frequency spectra and piezo voltage for the DFB laser at 

−60 dB feedback. Measured with setup 1 with a distance to the mirror of 

350  mm.  

A triangular voltage function was used to scan the piezo 

mounted feedback mirror. In Fig. 4 the frequency spectra 

measured with the scanning Fabry Perot interferometer is 

shown as a false color plot for 200 measurement samples. The 

free spectral range FSR = 1.5GHz of the scanning Fabry Perot 

is highlighted in the graph as well as one full cycle of the 

mirror movement. The acquisition rate of the frequency 

spectra was is not constant and was not synchronized with the 

scan rate of the piezo but from the simultaneously measured 

piezo voltage a direct correlation between mirror position and 

measured frequency spectra can be derived. 

In Fig. 5 the extract of the frequency shift for one cycle of 

mirror movement is shown as a false color plot for the DFB 

laser at different feedback power ratios AT. At AT = −80 dB 

(bottom graph in Fig. 5) the influence of the external feedback 

on the emission frequency is not resolvable with this setup, 

limited by its stability. With increasing feedback power ratio 

the amplitude of the frequency shift increases. The frequency 

shift is nonlinear but continuous with the change of the length 

of the external feedback cavity as can be seen in second lowest 

graph in Fig. 5 at a feedback power ratio of AT = −60 dB. 

Between AT = −60 dB and AT = −55 dB the frequency shift 

becomes discontinuous when the feedback mirror position is 
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changed as can be seen in the second graph from the top in 

Fig. 5.  For a feedback power ratio of AT = −45 dB this 

discontinuity is still present and the frequency is seen to 

exhibit hysteresis with regards to the direction in which the 

mirror is moved. The width of the frequency envelope stays 

the same at roughly 300 MHz. For all measured feedback 

power ratios the emission is single frequency.  

 
Fig. 5. Frequency shift for one cycle of piezo mounted mirror movement for 

the DFB laser at various feedback power ratios AT. The distance to the center 

position of the mirror was roughly 350 mm. Measured with setup 1. 

This is all in good agreement with the theory as can be seen 

in Fig. 6. In this graph the frequency shift is plotted in 

dependence of the mirror position. 

 
Fig. 6. Frequency shift over mirror displacement for the DFB laser at various 

feedback power ratios AT. The distance to the center position of the mirror 
was 350 mm. The measurement for a positive and negative mirror movement 

direction are shown in red and blue, respectively. The solid line shows the 

simulated frequency alteration.  

The two different mirror movement directions are indicated 

by the pointing direction of the triangular measurement points 

and the color. If the mirror is moved towards the laser the 

measurement points are blue and point to the left, if it is 

moved away from the laser the measurement points point 

toward the right and are colored red. The solid black line is the 

calculated frequency shift according to (#1). The following 

parameters were used for the simulation:  

τS = 34 ps 

RS = 5 % 

τE = 2.3 ns 

𝑅E = 10(𝜇𝐴𝑇 10⁄ ), 
α = 1.9 

DBR tapered laser 

The same measurements were performed with a DBR-TPL. 

This laser consists of three sections, starting at the back side 

with a DBR section, followed by a RW section and a tapered 

TA section. The DBR section is a 1 mm long, tapered 7th order 

DBR grating with a design reflectivity of 95 %. The RW 

section has a length of 1.5 mm and a width of 5 µm. And the 

gain guided tapered section is 3.5 mm long with a full taper 

angle of 6°. For all following measurements the injection 

currents IRW = 490 mA and ITA = 4500 mA were applied to the 

RW and TA sections, respectively. The laser was temperature 

stabilized to a heat sink temperature of T = 25 °C. 

 

Fig. 7. Frequency shift for one cycle of piezo mounted mirror movement for 

the DBR-TPL at various feedback power ratios AT. Measured with setup 1 

with a distance to the center position of the mirror of roughly 350 mm. 
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In Fig. 7 the frequency shift for one cycle of mirror 

movement is shown as a false color plot for several levels of 

feedback power ratio AT. Due to the higher amplification in 

the tapered section for this laser compared to the DFB laser 

the feedback power ratio at which no influence by external 

feedback can be measured is significantly reduced. This can 

be seen in the bottom graph of Fig. 7 with a feedback power 

ratio of AT = -105 dB. If the feedback power ratio is increased 

the frequency shift is first continuous with the mirror 

movement (second graph from the bottom in Fig. 7) and then 

becomes discontinuous (middle graph of Fig. 7).  

The transition from continuous to discontinuous frequency 

shift in dependence of the mirror movement occurs at a 

feedback power ratio between −85 and −80 dB. For higher 

feedback power ratios the emission can become multi-

frequency as can be seen for AT = −70 dB in the second graph 

from the top in Fig. 7. At this feedback power ratio the laser 

emits at two frequencies. Both frequencies and the power 

distribution between them depend on the feedback mirror 

position, but the distance between both frequencies is 

independent from the mirror position. If the feedback power 

ratio is further increased single frequency emission can again 

occur as can be seen in the top graph of Fig. 7. 

 

Fig. 8. Frequency shift vs piezo voltage for the DBR-TPL laser at various 

feedback power ratios AT. The measurement for a positive and negative 

mirror movement direction are shown in red and blue, respectively. The solid 

line shows the simulated frequency shift. The distance to the mirror was 

350 mm.  

In Fig. 8 the center frequency of the peak with the highest 

intensity is plotted in dependence of the mirror position (red 

and blue triangles) and compared with the simulated data 

(solid black line).  

The following parameters were used to calculate the 

simulated data: 

τS = 125 ps 

RS = 0.05 % 

τE = 2.3 ns 

𝑅E = 10(𝜇𝐴𝑇 10⁄ ), 
α = 11.3 

At low feedback power ratios the simulated data is in good 

agreement with the theory. Even at a feedback power ratio of 

AT = −70 dB where multi-frequency emission occurs the 

range of the frequency shift and the width of the mode jump 

free mirror movement can approximated with equation #1. At 

AT = −45 dB only the slope of the frequency alteration over 

the mirror position and the frequency distance of the mode 

jumps are in good agreement with the theory.  

In addition to the analysis of the frequency shift we also 

measured the regime border between regime I and II. In 

regime one the frequency alteration is continuous with the 

mirror displacement, while in regime II the shift becomes 

discontinuous and mode jumps occur. The regime border is 

dependent on the external cavity length as can be seen in 

Fig. 9. Highlighted in the red frame is the external cavity 

length for the measurements shown above. Good agreement 

between the two setups is evident for both diode lasers. 

 
Fig. 9. Measured regime borders I-II in dependence of the external resonator 

length for both diode lasers at both setups.  

V. SUMMARY 

In this paper we presented a detailed description of a 

measurement setup and method to analyze the influence of 

external feedback on high power diode lasers. The method 

was tested and compared on two setups at the FBH in 

Germany and the DTU in Denmark. A low power DFB laser 

was used to characterize the setup and test the measurement 

method. The results are in good agreement with the theory 

based on the Lang-Kobayashi equation #1 and to results in the 

literature. Furthermore it is possible to apply this measurement 

method to high power diode lasers as shown for DBR-TPLs. 

At low feedback power ratios the results are again in good 

agreement with the theory. At high feedback power ratios only 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

7 

certain parameters such as the frequency distance of the mode 

jumps and the slope of the frequency shift in dependence of 

the mirror displacement can be predicted by the equation (#1).  

With the presented measurement method a quantitative 

analysis and classification of the influence of external 

feedback on high power diode lasers is possible. This could 

lead to better selection of drive parameters and to new high 

power diode laser layouts with reduced feedback sensitivity. 
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ABSTRACT 

Semiconductor lasers are ideal sources for efficient electrical-to-optical power conversion and for many applications 
where their small size and potential for low cost are required to meet market demands. Yellow lasers find use in a variety 
of bio-related applications, such as photocoagulation, imaging, flow cytometry, and cancer treatment. However, direct 
generation of yellow light from semiconductors with sufficient beam quality and power has so far eluded researchers. 
Meanwhile, tapered semiconductor lasers at near-infrared wavelengths have recently become able to provide near-
diffraction-limited, single frequency operation with output powers up to 8 W near 1120 nm. 

We present a 1.9 W single frequency laser system at 562 nm, based on single pass cascaded frequency doubling of such 
a tapered laser diode. The laser diode is a monolithic device consisting of two sections: a ridge waveguide with a 
distributed Bragg reflector, and a tapered amplifier. Using single-pass cascaded frequency doubling in two periodically 
poled lithium niobate crystals, 1.93 W of diffraction-limited light at 562 nm is generated from 5.8 W continuous-wave 
infrared light. When turned on from cold, the laser system reaches full power in just 60 seconds. An advantage of using a 
single pass configuration, rather than an external cavity configuration, is increased stability towards external 
perturbations. For example, stability to fluctuating case temperature over a 30 K temperature span has been 
demonstrated. The combination of high stability, compactness and watt-level power range means this technology is of 
great interest for a wide range of biological and biomedical applications. 

Keywords: Nonlinear Optics, Second Harmonic Generation, Diffraction-Limited Light, Semiconductor Lasers, Tapered 
Diode Lasers, Yellow Lasers 

1. INTRODUCTION 
For applications such as flow cytometry1, photocoagulation2, imaging3,4 and cancer treatment5, yellow lasers have started 
to attract a lot of attention in recent years. Indeed, higher signal-to-noise ratios can be achieved for some important 
fluorophores when excited with light at 562 nm compared to the more commonly available green lasers at 532 nm6. 
Significant effort has been going into developing high power lasers at wavelengths in the yellow and orange spectral 
region, but this remains technically challenging. 

Yellow emitting lasers can be produced using a range of technologies. Diode-pumped solid-state (DPSS) lasers with 
nonlinear frequency conversion have produced >1 W at several wavelengths in the yellow-orange spectral range7–9. The 
relatively low optical conversion efficiency means that these systems usually cannot run without water cooling. DPSS 
lasers emitting directly in the visible spectral range are possible using different Pr3+-, Sm3+-, Dy3+-, and Tb3+-doped 
crystal host materials10. In Tb3+-doped fluorides, up to approximately 100mW has been demonstrated at around 585 
nm11. Direct diode pumping has, however, resulted in significantly lower efficiency10. 20 W has been demonstrated using 
VECSEL OPS lasers [14]. However, these lasers suffer from the same drawbacks as DPSS lasers. Yellow light can also 
be produced with fiber lasers, but these tend to be either low power12, pulsed13,14, or very complex15 systems. 

                                                 
* ankrh@fotonik.dtu.dk 

Nonlinear Frequency Generation and Conversion: Materials and Devices XVI, edited by 
Konstantin L. Vodopyanov, Kenneth L. Schepler, Proc. of SPIE Vol. 10088, 1008802

© 2017 SPIE · CCC code: 0277-786X/17/$18 · doi: 10.1117/12.2251964

Proc. of SPIE Vol. 10088  1008802-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/02/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Collimation

Lenses 4i1 vvavepiate
Nonlinear Curved

Mirror

û [i Isolator

l.l yJLdl

IIIIIIIIIIIIIIII

Laser diode
V v V

Focusing/
Lens Phase

`- Plate
Curved \.,
Mirror

IIIIIIIIIIIIIIIII

flnnlinaar./
,Crystal

Dichroic
Mirror

 

 

Laser diode-based systems offer relief from many of these drawbacks. They lend themselves well to integration into 
compact, cheap and highly efficient systems. However, laser diodes emitting directly in the yellow-orange spectral 
region are so far limited to powers on the scale of a few mW, demonstrated in BeZnCdSe and InAlGaP devices16,17. In 
the near infrared (NIR), on the other hand, tapered laser diodes now exist that combine single-frequency operation with 
output powers up to 8 W at 1120 nm18, with longer wavelengths under development19. Prior to this work, up to 550 mW 
at 561 nm has been generated by frequency doubling such a laser at 1122 nm20. 

In this proceeding, we present the generation of 1.9 W single-frequency light at 562 nm by single-pass cascaded 
frequency doubling of the emission of a tapered laser diode of the type described in18. Cascaded frequency doubling 
involves the use of several subsequent nonlinear crystals and is highly efficient, with second harmonic (SH) output 
powers even exceeding the sum of the SH powers achievable from each crystal individually21,22. Furthermore, we show 
that the simplicity of our system leads to a high thermal stability, thereby removing the need for water cooling. With a 
small footprint of just 183 mm × 114 mm × 50 mm, this makes the laser system ideal for integration in larger systems. 

2. CONFIGURATION AND CHARACTERIZATION 

 
Figure 1. A sketch of the optical configuration frequency doubling light from 1125 nm to 562 nm. The infrared-emitting 
diode laser is collimated with a pair of anti-reflection coated lenses and sent through an optical isolator. A half-wave plate 
after the isolator rotates the polarization to vertical. A lens focuses the light into the first crystal. Two curved mirrors re-
focus the beam at low angles of incidence into the second crystal, with a transparent phase plate placed between the curved 
mirrors for dispersion compensation. A dichroic mirror filters away the infrared light after the second crystal, allowing the 
SHG light to be measured with a power meter after the dichroic mirror.  

The setup for obtaining efficient frequency doubling of the NIR light is sketched in figure 1. The laser diode is described 
in18. It is mounted p-side up and has two contacts for controlling injection current: One for the ridge waveguide section 
and one for the tapered amplifier section. A distributed Bragg reflector (DBR) section at the end of the ridge waveguide 
section ensures single frequency operation. The emission from the laser diode is collimated in the fast axis with an 
aspheric lens, refocusing the slow axis. The slow axis is then subsequently collimated using a cylindrical lens. To protect 
the laser from backreflections, the beam is then passed through an optical isolator (isolation > 30 dB, transmission 
~95%). The polarization of the light is rotated to vertical using a half-wave plate and the beam is focused into the first 
nonlinear crystal using a plano-convex lens. A 40 mm long, periodically poled (period 8.17 µm) lithium niobate was 
chosen because of its high conversion efficiency. The crystal is doped with magnesium oxide to avoid photorefractive 
effects. To enhance the nonlinear efficiency, the so-called cascade concept is used, employing yet another nonlinear 
crystal of the same type, into which the light is refocused using a pair of curved mirrors. During assembly, a phase plate 
oriented near Brewster’s angle was inserted between the curved mirrors and adjusted to ensure the proper phase relation 
in crystal 2 between the SH beam generated in crystal 1 and the residual fundamental beam. The two crystals were of the 
same type and dimensions and exhibited the same nonlinear conversion efficiency. After the second crystal, the residual 
NIR light is filtered away by use of a dichroic mirror and the yellow output beam is expanded and collimated to a 
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diameter of 2 mm. A photodiode monitors the power level of the output light. The components are mounted on a 
baseplate and enclosed with a lid, giving the laser system a total size of 183 mm × 114 mm × 50 mm. 

The laser diode is operated at a current of 350 mA to its ridge waveguide section and a current of 10.5 A to its tapered 
section. With these currents the laser power after the isolator is 5.8 W, resulting in 1.93 W of second harmonic light after 
the second crystal. This is a conversion efficiency of 33% of the full NIR power or 45% of the NIR power in the central 
lobe of the beam profile, in which 74% of the NIR power resides. The total power consumption of the laser head, 
including heating of the crystals and cooling of the laser diode, is 30 W, yielding an electro-optical conversion efficiency 
of 6.4%. The spectrum of the second harmonic emission is shown in figure 2. The M2 of the 562 nm light is <1.4 in both 
axes, and the beam profile in focus is shown in figure 3. 
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Figure 2. The spectrum of the laser output. The peak wavelength is 562.44 nm and the 3 dB width is less than 3 pm, limited 

by the resolution of the optical spectrum analyzer. 

 
Figure 3. The beam profile of the emitted 562 nm light in a focus. M2 < 1.4 in both horizontal and vertical axes. 

For various applications, a rapid turn-on time from room temperature can be very important. The system was designed to 
allow rapid (within 60 seconds) heating and stabilization of the nonlinear crystals and the laser diode. The power during 
a typical turn-on is shown in figure 4. In that measurement, the starting temperature for the laser diode and the nonlinear 
crystals was about 25°C, and the final temperatures were 20°C for the laser diode and 77.8°C and 79.4°C for crystals 1 
and 2, respectively. Within one minute, the stability on all three temperatures was better than 0.02 K. 
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Figure 4. The power of the laser system stabilizes within one minute after turning it on from room temperature at time 0. 

During this time, the nonlinear crystals are heated to about 79°C with stability better than 0.02 K. 

Stability towards changes in ambient temperature is also important, especially for applications where operation without 
water cooling is desired. To test this, the case temperature of the laser system was varied with the use of an adjustable 
temperature water chiller. The resulting power dependence is shown in figure 5, which shows that the system remains 
thermally robust despite a temperature change of 30 K. No active stabilization of the output power was performed. 
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Figure 5. Without stabilization of the laser power, the temperature of the laser module case was varied from about 18°C to 
about 48°C. The laser power fluctuated within ±6%, showing the thermal robustness of the system. 

Next up in our series of tests was the long term stability. The laser was allowed to thermally stabilize and was set to 
maintain the output power at 1.5 W. The stability over 250 hours of operation was clearly evident and is shown in figure 
6. 
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Figure 6. Long-term stability of the laser system over 250 hours of operation. The laser output power was stabilized to a set 
point of 1.5 W using feedback from the internal photodiode. 

3. CONCLUSIONS AND OUTLOOK 
The laser system described in this work generates up to 1.9 W of single-frequency, diffraction-limited laser light at 562 
nm based on a laser diode. It has a high electro-optical efficiency of 6.4% and a high single-pass opto-optical nonlinear 
frequency conversion efficiency of 33%. The laser is stable when exposed to changes up to 30 K in its case temperature 
and when lasing for long time durations such as 250 hours or more. 

Such a yellow-emitting source has applications within dermatology, ophthalmology, flow cytometry and other fields 
such as cancer treatment. Thus, the continued efforts to reach high powers and more wavelengths in the yellow spectral 
region are of great interest. Power scaling options such as beam combining of separate NIR beams and sum frequency 
generation23 could enable powers well above 2 W. 
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ABSTRACT 

The use of visible lasers for medical treatments is on the rise, and together with this comes higher expectations for the 
laser systems. For many medical treatments, such as ophthalmology, doctors require pulse on demand operation together 
with a complete extinction of the light between pulses. We have demonstrated power modulation from 0.1 Hz to 10 kHz 
at 532 nm with a modulation depth above 97% by wavelength detuning of the laser diode. The laser diode is a 1064 nm 
monolithic device with a distributed feedback (DFB) laser as the master oscillator (MO), and a tapered power amplifier 
(PA). The MO and PA have separate electrical contacts and the modulation is achieved with wavelength tuning by 
adjusting the current through the MO 40 mA. 

Keywords: Visible lasers, distributed feedback lasers, frequency doubled lasers, pulsed lasers. 

 

1. INTRODUCTION 
Visible lasers, and in particular green lasers, are of great interest for a wide range of applications. Some of these 
applications, such as laser displays1 and ophthalmology2 require pulse on demand operation of the green light. 
Ophthalmologists use green lasers to create controlled burns on the retina of the eye. This can be used to treat for 
example retinovascular macular edema or detachment of the retina, both of which can cause blindness if left untreated. 
To obtain the burns the ophthalmologist typically uses a laser pulse with a duration of at least 50 ms with a power of 
several hundreds of milliwatt3. In recent years, however, it has been shown that it might not be necessary to introduce an 
actual burn on the retina to obtain a treatment effect. Instead the treatment can be done with a train of µs pulses with a 
pulse energy below the burn threshold which increases the patients comfort4. 

Currently the most widely used lasers for ophthalmology treatments are frequency doubled diode pumped solid state 
(DPSS) lasers where a laser crystal, such as neodymium doped yttrium-aluminum-garnet (Nd:YAG), is pumped with a 
diode array and intra cavity frequency doubled. Such systems can achieve modulation frequencies of a few kHz5, but few 
commercial systems are capable of going below 50 ms pulse lengths without an external modulator. In the end the 
achievable bandwidth of DPSS lasers are limited by the 100 µs to 300 µs upper state lifetime of the laser crystals. A 
similar technology which can achieve significantly higher modulation speeds is the optically pumped semiconductor 
laser (OPSL), where the laser crystal is replaced by a semiconductor material. OPSLs can achieve multiple watts of 
output power and µs pulse durations6. Unfortunately, both laser types are expensive and they suffer from a low wall-plug 
efficiency which often leads to a need for water cooling. 

The ideal laser for almost all applications is a laser diode emitting directly at the relevant wavelength. This is especially 
true for applications where arbitrary modulation is needed, since the bandwidth of the semiconductor material is 
typically in the GHz range. Unfortunately, there are currently no high power laser diodes emitting in the green or yellow 
spectral range. By frequency doubling of near infrared (NIR) diode lasers these wavelengths become achievable. NIR 
laser diodes with tapered amplifiers are now commercially available, and single pass frequency doubling of a 9.5 W 
distributed Bragg reflector (DBR) tapered laser diode has so far generated 3.7 W of green light7.  
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The laser diode can be gain-switched with a very high bandwidth. The applied current can  be as high as 10 A, and gain 
switching will therefore introduce significant thermal fluctuations of the laser chip, which in turn introduces fluctuations 
of the wavelength. To achieve efficient single pass frequency doubling periodically poled non-linear crystals with a 
length of several cm are used. This leads to a wavelength acceptance bandwidth8 which is significantly smaller than the 
wavelength fluctuations of the laser diode during gain-switching. Therefore, gain switching is ill-suited for µs pulsing. 
Alternatively, the limited wavelength acceptance bandwidth of the non-linear crystal can be used to modulate the green 
output power by wavelength detuning the laser diode. This concept has previously been demonstrated for a blue laser 
system for optical storage9 and with a green laser system for laser displays10. In both cases, DBR lasers without tapered 
amplifiers, together with non-linear crystals with ridge waveguide channels were used, however neither the lasers nor the 
crystals11 can be scaled to the power levels needed for medical treatment. 

Power modulation of the second harmonic (SH) light, using bulk non-linear crystals and DBR-tapered laser diodes, has 
also previously been demonstrated. The achieved modulation depth was 90%, and was limited by the longitudinal mode 
structure of the laser diode12. A higher modulation depth has been achieved for a similar system, but required heating the 
diode to 50°C13. 

In this work we present a laser system based on single pass frequency doubling of a distributed feedback (DFB) master 
oscillator power amplifier (MOPA), and demonstrate modulation of the second harmonic light by wavelength detuning. 
We show how the longitudinal mode structure of the laser diode is advantageous for the detuning scheme and achieve a 
modulation depth above 97% up to 10 kHz. 

 

2. SETUP AND RESULTS 
Figure 1 shows a sketch of the setup. The laser diode was a DFB MOPA from QPC Lasers and it is mounted p-side up to 
allow for separate contacts to the DFB master oscillator (MO) and the tapered power amplifier (PA). When the DFB 
MOPA was stabilized at 20°C and operated at 150 mA over the MO and 4 A over the PA, the output power was 3 W. 
The output of the DFB MOPA was collimated and passed through an optical isolator. A half-wave plate and polarizing 
beam splitter was used to pick out a small portion of the beam which was split in two and focused onto a photodiode and 
into a fiber coupled scanning Fabry-Pérot interferometer (FPI). The photodiode was used to monitor the NIR light during 
modulation and the scanning FPI was used to monitor the spectral behavior of the laser diode. The light transmitted 
through the PBS was passed through a second optical isolator and focused into a 50 mm long periodically poled lithium 
niobate (PPLN) crystal, after which the NIR light was dumped and the green light was split using an uncoated wedge. 
The transmitted green light was monitored using a thermal power meter and the reflected green light was focused onto a 
second photodiode. 

 
Figure 1. The setup. OI: Optical Isolator, λ/2: Half wave plate, PBS: Polarizing beam splitter, BS: Beam splitter, PD: 
Photodiode, FPI: Fabry-Pérot interferometer, PM: Thermal power meter, PPLN: 50 mm periodically poled lithium niobate. 

Proc. of SPIE Vol. 10088  100881A-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/02/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



1064.80

o Scan Up

A can uown
1064.75

1064.70 [
_c

ll
C

z 1064.6 6 1st
Y ° pq ..

1064 60

a
1064.55

X., u u X 38(

i nad gn
100 110 120 130

MO Current [mA]

140 150

1.0 100 mA I,î.=120pm
I L+U mrì

I

á
u)

a) 0.5
N

15
I Io

z

nn
1064.3 1064.4 1064.5 1064.6 1064.7

Wavelength [nm]

1064.8 1064.9

 

 

The main problem with SH power modulation by wavelength detuning is the longitudinal mode structure of the laser 
diode. When the current through a laser diode is changed the longitudinal mode will experience discrete hops, resulting 
in a non-continuous scan of the wavelength. The wavelength change from a mode hop can easily be on the same order of 
magnitude as the acceptance bandwidth of the non-linear crystal and therefore it is important that the laser always finds 
the correct mode when a pulse is needed. Figure 2 shows the peak wavelength of the MOPA versus the current through 
the MO. The current was first scanned up and then back down, without showing mode hysteresis. This means that the 
laser can be scanned across modes during pulsing without destabilizing the pulse peak power. 

 
Figure 2. Longitudinal mode structure of the DFB MOPA. The laser exhibited no mode hysteresis and the mode hops 
resulted in an increased wavelength for increasing currents. The red background indicates regions of multimode behavior. 

 

 
Figure 3. Spectrum of the DFB MOPA in CW operation with 100 mA and 140 mA through the MO. The current through the 
TA was 4 A and the laser was stabilized at 20°C. 
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To avoid areas of multimode behavior, the MO modulation was done from 100 mA to 140 mA. The spectrum at these 
two MO currents can be seen in figure 3.These spectra were measured in CW operation with an optical spectrum 
analyzer (OSA). The wavelength separation is 120 pm, which was significantly larger than the theoretical full width half 
maximum (FWHM) of the spectral acceptance bandwidth of the non-linear crystal which is 42 pm. 

Figure 4 shows the second harmonic output power versus the near infrared power into the crystal. The infrared power 
was varied using the half-wave plate before the PBS to avoid changing the laser parameters during the measurements. 
The figure shows that the SH power nicely follows the quadratic fit as expected. 

 
Figure 4. Output second harmonic power as a function of the near infrared power into the crystal. The dotted line is a 
quadratic fit. 

To perform the current modulation a function generator was connected to the analog modulation input on the current 
supply for the MO. All the pulse trains generated by the function generator were 50% duty cycle square waves. Any 
change in the laser current will also induce a temperature change within the laser chip. This is usually not an issue if the 
modulation is performed significantly faster than the temperature time constants of the system. For medical use, each 
treatment pulse, or pulse train in the case of µ-pulsing, is significantly longer then the temperature timescales of the chip. 
To show that the small current modulation performed is not affecting the temperature of the system significantly a slow 
modulation at 0.1 Hz was performed, see figure 5. In this case each pulse was significantly longer than the thermal 
timescales of the system, i.e. it was a quasi-CW case. From the figure it can be seen that the peak power of the pulses 
was very stable, indicating that no thermal effects are changing the wavelength throughout the pulse. The modulation 
depth achieved at 0.1 Hz was 98.2%.  

The fastest modulation achieved, where the pulses could still be approximated as square, was 10 kHz, see figure 6. The 
increased noise in the pulse peak is likely due to wavelength instabilities induced from ringing of the current supply. 10 
kHz corresponds well to previously observed modulation bandwidths of this power supply with a 40 mA modulation 
depth. The modulation depth achieved for 10 kHz was 97.8%. No adjustment of the laser system was needed between 
the different modulation frequencies. We believe that with a faster power supply it would be possible to modulate this 
system in the MHz range since the only fundamental limit is the bandwidth of the laser diode. Modulation was also 
performed at 1 Hz, 10 Hz, 100 Hz and 1 kHz, and very similar results were obtained. The change in the NIR power 
during modulation was 1.5%, which further indicates that the modulation was done without any significant changes in 
the thermal load of the laser diode. 
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Figure 5. Modulation of the current through the MO from 100 mA to 140 mA with a frequency of 0.1 Hz. The modulation 
depth achieved was 98.2%. 

 
Figure 6. Modulation of the second harmonic output power at 10 kHz. The modulation depth achieved was 97.8 %. 
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3. CONCLUSION 
Modulation of the second harmonic output power from CW and up to 10 kHz has been demonstrated with a modulation 
depth above 97%. The system was based on single pass frequency doubling of a distributed feedback (DFB) master 
oscillator power amplifier (MOPA) laser diode. The DFB MOPA is mounted p-side up to allow for separate contacts for 
the MO and the PA, thereby allowing for wavelength detuning of the laser diode by small adjustments of the current 
through the DFB section. In CW the laser diode was operated with 140 mA through the MO and 4 A through the PA, and 
the full modulation depth was achieved by decreasing the current through the MO by 40 mA, thereby changing the CW 
wavelength 120 pm. The resulting change in near infrared power was 1.5%. The modulation bandwidth was limited by 
the power supply, while the modulation bandwidth of the laser system was only limited by the bandwidth of the laser 
diode. The second harmonic output power could be modulated at any frequency without changing any of the operating 
parameters of the laser head indicating that the system is suitable for pulse on demand applications. 
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Megahertz Measurement Rate Wavemeter with Sub-Picometer 
Resolution using Second Harmonic Generation 
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ABSTRACT 

Information on the wavelength is essential for most laser applications and a wide range of devices are available for 
measuring it. Commercially available wavemeters can provide femtometer resolution in a wide wavelength range but 
their refresh rate rarely goes into the kHz range. Streak cameras, on the other hand, provide extremely fast measurements 
with a wide spectrum. However, the spectral resolution is severely limited due to the use of a grating as the wavelength 
separating element. Here we present a wavemeter that combines a megahertz measurement rate and sub-picometer 
wavelength resolution. The technique uses the steep wavelength acceptance curve of a thick non-linear crystal to 
calculate the wavelength from just two power measurements. The bandwidth is limited only by the speed of a photodiode 
while the resolution and wavelength range can be engineered by choosing a suitable crystal type and geometry. We use 
the wavemeter to examine how the longitudinal mode evolves during a single pulse from a tapered diode laser. High 
resolution, high speed measurements of the wavelength can give new information about laser diodes, which is valuable 
for applications requiring short but wavelength stable pulses, such as pulsing of the second harmonic light. 

Keywords: Laser beam characterization, diode lasers, harmonic generation and mixing. 

1. INTRODUCTION 
There is a wide array of techniques and devices available for measuring the wavelength of light. One of the most widely 
used when it comes to lasers are scanning Michelson interferometry-based optical spectrum analyzers (OSAs)1, 
characterized by resolutions of roughly 10 pm. The main drawback is the slow speed of the scanning process which 
typically limits these to an update rate of at most a few Hz, while either spectral or power changes during the 
measurement can lead to artifacts. Measurement rates in the kHz range can be reached with grating based spectrometers 
and by using a double echelle monochromator the spectral resolution can even be pushed to 1 pm in the range available 
to Si detectors2. Streak cameras can reach GHz measurement rates of full spectra but they are limited to nm resolutions 
due to the use of a single grating. If a higher wavelength resolution is needed one typically has a wavemeter instead 
which only gives a single value for the wavelength. This can also be done with interferometry but recently it has also 
been shown that analyzing the speckle pattern produced when a coherent beam hits a rough surface can yield sub 
femtometer resolution3. However, these methods are again limited in their measurement rate by either scanning or array 
detectors. 

Non-linear optics are often used when there is a need to resolve ultrafast optical phenomena. Techniques such as 
autocorrelation and frequency resolved optical gating (FROG)4 use a thin non-linear crystal to ensure phase matching 
over the whole wavelength range at the same time and a delay line is then scanned to probe the ultrashort pulse at 
different times. A special variation of FROG replaces the very thin crystal with a thicker birefringent crystal and exploit 
the wavelength dependence of the phase matching angle to map wavelength onto a camera instead of using a grating 
based spectrometer5. All of these methods rely on a wide wavelength acceptance of the non-linear crystals, which means 
that they typically employ birefringent crystals with a low non-linear efficiency and are, therefore, only appropriate for 
short pulses with high peak powers. 

Here we present a highly customizable technique to measure the wavelength of a single frequency laser using second 
harmonic generation (SHG). The technique relies on the steep wavelength dependence of the non-linear efficiency for 
thick non-linear crystals, and the high efficiencies achievable through quasi phase matching (QPM) means the technique 
can be used for CW and quasi-CW lasers. 
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depletion regime and to avoid thermal effects in the PPLN crystal the fundamental power is kept below 2W for these 
measurements. 

To get a good mapping of measured powers to the wavelength acceptance curves the following fit is used: 

 = sinc Δ , (2) 

where a and b are fitting parameters and Δλ is the change in wavelength from the wavelength at which the maximal non-
linear efficiency is attained. Measurements of the wavelength acceptance curve is shown in Figure 2 along with fits to 
sinc2 curves. The fitting is limited to the low wavelength flank of the acceptance curves and only to the region where 
there is a one to one correspondence between the efficiency and the wavelength (see the black curves in Fig. 2). The 
parameters of the best fits are: a = 0.805 %/W and b = 307 pm for the 8 mm crystal, and a = 2.09 %/W and b = 137 pm 
for the 20 mm crystal. 

 
Figure 2. Wavelength acceptance curve for the 8 mm and 20 mm crystals together with their respective sinc2 fits used for the 
measurements. The wavelength of the laser is only calculated for η values inside of the range of the fit.  

To avoid ambiguous measurements η is only measured for power values significantly above the background level. It is 
also important to ensure that measurements are performed on the correct flank of the acceptance curve. In our 
measurements this was done by operating the laser in CW (or quasi CW for pulsed measurements) and tuning the crystal 
temperature first to the maximum point and then increase the crystal temperature until the measured power was at half 
the maximum obtainable value. To find an absolute value for the wavelength the wavelength of the maximum point of 
the acceptance curve is needed. This maximum wavelength changes linearly with the temperature at a rate of 82.1 pm/K 
for the 8 mm crystal and 80.3 pm/K for the 20 mm crystal. This linear dependence is a very good approximation for the 
combination of crystal type and wavelength range examined in this work. The acceptance curve is completely defined by 
material parameters, the temperature and the beam path through the crystal, so the calibration of the system is very 
robust. Since this demonstration was performed using a free space setup, we recalibrated the system when exchanging 
the laser or crystal to maintain high absolute wavelength accuracy despite small changes in the beam path. However, this 
can in general be mitigated by using a fiber to define the beam path through the crystal. In the model it is assumed that 
the laser is instantaneously single frequency. In some cases measurements can be performed with lasers with multiple 
coexisting longitudinal modes, however, the interpretation of the data can become more complex10,11. 

A comparative test between our technique with the 8 mm crystal and the spectrum analyzer is shown in Figure 3. A slow 
change is induced in the wavelength by applying a sinusoidal change in the laser heat sink temperature. This leads to a 
large perturbation of the second harmonic power (68%) despite only a small perturbation of the fundamental power 
(1.5%). From these two values the non-linear efficiency η can be calculated, which in this case is almost proportional to 
the second harmonic power due to the small change of the fundamental power. The measured η values are then converted 
to absolute wavelengths and shown together with the measurements from the OSA. The two measurements show good 
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agreement over the 3 hour measurement shown here. The resolution of the SHG technique with an 8 mm crystal is 0.7 
pm. 

 
Figure 3. Example of the data used to calculate the wavelength and a comparison between the SHG technique and the OSA. 
TLaser: laser heatsink temperature, Pω: fundamental power into the 8 mm crystal, P2ω: generated second harmonic power, η: 
non-linear efficiency, Δλ: change in wavelength from the mean (1061.7 nm). The SHG technique (black line) and the OSA 
(red squares) show very good agreement over the 3 hour measurement. 

To demonstrate even higher resolution, a similar measurement was performed with the 20 mm crystal. The results are 
shown in Figure 4. In this case the wavelength was varied by applying a sinusoidal current from 270 to 300 mA to the 
ridge waveguide of the laser diode. In this figure it is shown that the wavelength shift of the laser diode is not exactly 
proportional to the shift in current, which is probably due to thermal effects in the laser. In this case a resolution of 0.4 
pm was achieved and this value could be further increased by using a longer crystal or low-noise power meters. 
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Figure 4. Comparison between the SHG technique with a 20 mm crystal and the OSA. Here the wavelength was varied by 
applying a very slow sine modulation to the injection current for the ridge waveguide. The resolution of the SHG technique 
is about 10 times better than that of the OSA. 

Figure 5 shows wavelength measurements in which the ridge waveguide current is modulated from 235 mA to 300 mA 
at 200 kHz, which was the limit of the driver electronics. Here, the power was measured using the calibrated fast 
photodiodes rather than the power meters. In this case the wavelength follows more closely the sinusoidal pattern of the 
current, presumably because the modulation is significantly faster than any thermal timescale of the laser diode. The 
technique can easily resolve the 200 kHz pattern, however, the resolution is slightly lower in this case because of the 
sampling noise of the oscilloscope. 

 
Figure 5. Measurement of wavelength using the SHG technique with the 20 mm crystal during a 200 kHz sine modulation of 
the ridge waveguide injection current . The technique can easily resolve this modulation which was the fastest possible with 
the available driver electronics. 

To measure the bandwidth of the system a step-change in the wavelength was induced by provoking a longitudinal laser 
mode-hop. This was done by increasing the current through the tapered amplifier sufficiently slowly that the current 
could be considered constant for the duration of the measurement. The result is shown in Figure 6. The difference 
between the two “steady-state” wavelengths is 55 pm which is consistent with a longitudinal mode-hop of the laser 
diode. The fall time of the signal is 0.2 µs (90% to 10%) which is consistent with the specified bandwidth of the 
photodiode used to measure the second harmonic power. 
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Figure 6. Measurement of the response of the system to a step change in the wavelength. Measured using the 20 mm crystal. 
The step change was produced by provoking a longitudinal mode-hop of the laser diode with a very slow increase of the 
tapered amplifier current. The fall time was measured to be 0.2 µs (from 90% to 10%), which is consistent with the 
bandwidth of the photodiode. 

The SHG technique was also used to measure the wavelength of the laser diode during a single pulse. This was done 
operating the laser diode with a fixed current through the ridge waveguide and then applying a square pulse signal to the 
tapered amplifier with a duty cycle of 10%. In Figure 7 it is shown that while the fundamental power stabilizes after 
roughly 500 µs, the laser diodes goes through 6 mode-hops during the first 13 ms after the tapered amplifier is turned on 
and the total drift in the wavelength is roughly 200 pm.  

 
Figure 7. Measured wavelength during a single pulse from the laser diode using the 8 mm crystal. The pulses were produced 
by applying a square pulse modulation to the injection current for the tapered amplifier with a duty cycle of 10%. The SHG 
technique clearly resolves both the timing of the mode hops and the changing slope of the wavelength in between.  

3. CONCLUSION 
We have demonstrated that the second harmonic from a long periodically poled non-linear crystal can be used as a 
wavemeter for single frequency lasers. We have shown resolutions of 0.7 and 0.4 pm depending on the crystal length 
used and a measurement rate of several MHz. The system was used to measure wavelength shifts and longitudinal mode 
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hops of a tapered laser diode during a single pulse of injection current. The bandwidth of the system is limited only by 
the bandwidth of the photodetectors and can, therefore, be extended to GHz if necessary. The system is highly 
customizable due to the high design freedom of periodically poled crystals, however, since each crystal has only a 
limited measurement range, a suitable crystal must be chosen before the system can be used. The system can be used to 
gain more insight into, e.g., the wavelength behavior of low- and high power laser diodes where there is often a complex 
coupling between thermal, electronic and optical effects. This could be useful for achieving arbitrary on/off modulation 
of the second harmonic light which is needed for, e.g., medical treatments12. 
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ABSTRACT 

A wide range of laser medical treatments are based on coagulation of blood by absorption of the laser radiation. It has, 
therefore, always been a goal of these treatments to maximize the ratio of absorption in the blood to that in the 
surrounding tissue. For this purpose lasers at 577 nm are ideal since this wavelength is at the peak of the absorption in 
oxygenated hemoglobin. Furthermore, 577 nm has a lower absorption in melanin when compared to green wavelengths 
(515 – 532 nm), giving it an advantage when treating at greater penetration depth. Here we present a laser system based 
on frequency doubling of an 1154 nm Distributed Bragg Reflector (DBR) tapered diode laser, emitting 1.1 W of single 
frequency and diffraction limited yellow light at 577 nm, corresponding to a conversion efficiency of 30.5%. The 
frequency doubling is performed in a single pass configuration using a cascade of two bulk non-linear crystals. The 
system is power stabilized over 10 hours with a standard deviation of 0.13% and the relative intensity noise is measured 
to be 0.064 % rms. 

Keywords: Visible lasers, tapered diode laser, second harmonic generation, 577 nm 

 

1. INTRODUCTION 
The use of yellow lasers in the medical industry has received special attention due to its highly selective absorption in 
oxygenated hemoglobin. Today the dominant wavelength for a number pf treatments involving photocoagulation of 
blood is 532 nm. However, the higher selectivity of 577 nm light makes it possible to achieve the same therapeutic effect 
but at the same time decrease the damage to surrounding tissue. For this reason 577 nm has been investigated for, e.g., 
opthalmology1,2. Yellow lasers are also suitable for flow cytometry3 because they can used to selectively excite certain 
fluorophores. 

For most applications the ideal laser would be a laser diode emitting directly at the desired wavelength. While progress is 
being made with pushing laser diodes towards the yellow region they are, unfortunately, still far from emitting enough 
light for medical treatments. For this reason second harmonic generation (SHG) is the predominent way to reach the 
green and yellow spectral regimes. While green lasers at 532 nm lasers have become a commodity due to the diode 
pumped solid state (DPSS) technology, the yellow to orange spectral range has proved to be  more difficult to reach. 
Using exotic lasing materials, lasers at 570 nm have shown  1 W of output power4. In optically pumped semiconductor 
lasers (OPSLs) the laser crystal has been exchanged with a disk of semiconductor material. This gives a higher degree of 
freedom with regards to available wavelengths and these lasers have shown output powers of 20 W at 588 nm5. 
However, these systems are based on free space cavities which make them highly susceptible to external perturbations 
and great care therefore has to be taken with regards to, e.g., temperature stabilization of the cavity. At the same time 
their electrical to optical conversion efficiency is low. Raman fiber lasers can also produce high output powers with 
excellent beam quality at wavelengths which are otherwise difficult to reach. Using two Raman fiber amplifiers with a 
common seed in combination with external frequency doubling, 25 W of 589 nm light has been demonstrated6. 
Unfortunately, these systems quickly become rather complex and as a result very expensive. This high price tag limits 
widespread use. 
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Another option to reach the yellow spectral region is direct frequency doubling of laser diodes. If this is done in a single 
pass configuration, then the only cavity in the system is the laser diode itself, making the whole system highly insensitive 
to external perturbations. However, efficient single pass frequency doubling requires a combination of high power, good 
beam quality and high spectral stability. Tapered laser diodes have now shown several watts of power around 1154 nm 
which have yielded 860 mW of yellow light by frequency doubling with a waveguide non-linear crystal7. Unfortunately, 
it is not possible to scale this system to several watts of output power due to thermal lensing in the waveguide crystal.  

We present a laser system emitting 1.1 W of diffraction limited light at 577 nm. The system is based on cascaded 
frequency doubling of a tapered laser diode using two periodically poled lithium niobate (PPLN) crystals. A cascade of 
two crystals was chosen in order to significantly increase the efficiency compared to what can be achieved with a single 
crystal, increasing the output power potentially even beyond the sum of the powers achievable with each crystal 
individually8. The linewidth of the laser is measured to be below 4 pm and the beam quality (M2) of the second harmonic 
is 1.04 and 1.03 in the horizontal and vertical axes respectively. 

2. SETUP AND RESULTS 
The system is based on a tapered laser diode similar to the ones described by R. Bege et al.7. The laser diode consists of 
three sections: The rear mirror of the cavity is defined by a Distributed Bragg Reflector which selects a single 
longitudinal mode. Next to this a ridge waveguide to defines the transverse mode of the laser after which a tapered 
section allows the fundamental mode to diverge and thereby be amplified to a level which cannot be reached in ridge 
waveguide laser. The laser diode has separate contacts for the ridge waveguide section and the tapered amplifier. The 
output power and the wavelength of the laser diode is shown as a function of the current to the tapered section in Figure 
1. The wavelength shows sudden drops in the wavelength of 30-35 pm, which corresponds well to a longitudinal mode-
hop of the laser diode. Figure 2 depicts the optical spectrum of the tapered diode laser  at 6 A. The linewidth of the laser 
diode is <4 pm, limited by the resolution of the optical spectrum analyser (OSA). An Advantest Q8347 was used to 
record all spectra. 

 
Figure 1. Power (black line) and wavelength (red line) of the laser diode as a function of the tapered amplifier current. The 
sudden drops in the wavelength of 30-35 pm corresponds to a hop between longitudinal modes of the laser diode. 
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Figure 2. Spectrum of the laser diode. The laser was operated at 18°C, 250 mA through the ridge waveguide section and 6 A 
through the tapered amplifier section. 

We measured the beam properties of both the collimated fundamental light and the second harmonic with an M2-200S 
system from Ophir Photonics. The system measures the M2 using the second moment with a 300 mm lens. Figure 3 
shows an image of the beam profile of the fundamental light in the focal plane of the lens, corresponding to an image of 
the virtual source point inside the laser diode. At the chosen current to the tapered section of 6 A, the M2 was 2.35 in the 
horizontal axis and 2.04 in the vertical axis. The emitted beam from tapered laser diodes usually consists of a powerful 
Gaussian-like central lobe and a number of higher order side modes. For this particular laser diode 87% of the power is 
in this Gaussian-like central lobe at this current, so the side lobes are difficult to see from the figure. 

 
Figure 3. Image of the virtual source point of the laser diode. The measured M2 values are 2.35 and 2.04 in the horizontal 
and vertical axis respectively. The laser was operated at 18°C, 250 mA through the ridge waveguide and 6 A through the 
tapered amplifier. 

 

A sketch of the setup for frequency doubling is shown in Figure 4. The laser diode is collimated and an optical isolator is 
used to protect it from external feedback. The polarization is rotated to vertical using a half-wave plate to match with the 
crystallographic Z-axis of the PPLN crystal. The fundamental light is focused into the first crystal and both the 
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fundamental and second harmonic are collimated using a spherical mirror and sent through a glass phase plate to adjust 
for the phase mismatch between the two fields which accumulates during the propagation in air. Both beams are focused 
into the second crystal using an identical curved mirror after which the fundamental beam is dumped and the second 
harmonic is collimated. The whole system is enclosed in a case measuring 183 x 114 x 50 mm3. 

 
Figure 4. Sketch of the setup used for frequency doubling. OI: optical isolator, λ/2: half-wave plate, Dichroic: mirror with 
HR coating at 1154 nm and AR coating at 577 nm. 

The second harmonic output power as a function of the fundamental power is shown in Figure 5. The power was varied 
by changing the current through the tapered amplifier and the measurements for individual crystals were performed by 
tuning the temperature of the crystals so that only one of them was phase matched at a time. The second harmonic power 
did not completely follow the quadratic fit (solid lines) as expected, this was because the laser diode was collimated at a 
fixed tapered current. Therefore, the slow axis was not exactly collimated at other currents. Additionally, the beam 
quality of the laser diode also decreases slightly at higher output powers. The maximum second harmonic power 
generated by crystal 2 was 434 mW, while the maximum for the cascade was 1125 mW yielding a cascade enhancement 
of 2.6 times. The maximum fundamental power was 3.69 W, yielding optical to optical conversion efficiencies of 11.8% 
and 30.5% for a single crystal and the cascade respectively. The spectrum of the second harmonic is shown in Figure 6. 
The linewidth of the second harmonic was <4 pm, limited by the OSA resolution. 

 
Figure 5. Second harmonic power as a function of the fundamental power. As expected the power of the cascade exceeds the 
sum of the powers from the crystals individually. The markers indicate experimental measurements and the lines are 
quadratic fits. The laser diode was operated at 18°C and 250 mA through the ridge waveguide. 
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Figure 6. Spectrum of the second harmonic light. The laser was operated at 18oC, 250 mA through the ridge waveguide 
section and 6 A through the tapered amplifier section. 

The focus beam profile of the second harmonic is shown in Figure 7. Since the efficiency of the second harmonic 
process is intensity dependent it will be more efficient for the central lobe than for the higher order modes. The beam 
quality (M2) of the second harmonic is, therefore, improved to 1.04 in the horizontal axis and 1.03 in the vertical axis. 

 
Figure 7. Focus beam profile of the second harmonic beam. M2 values are measured to be 1.04 and 1.03 in the horizontal 
and vertical axis respectively. The laser was operated at 18°C, 250 mA ridge waveguide current and 6 A tapered amplifier 
current. 

A small fraction of the beam was picked out after collimation of the second harmonic, monitored with a photodiode and 
used for power stabilization of the second harmonic. The resulting stabilized second harmonic power over a period of 10 
hours is shown in Figure 8. The standard deviation of the power over the full period was 1.04 mW, corresponding to 0.13 
% of the mean power. 
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Figure 8. Power stability of the second harmonic light over 10 hours. The standard deviation over the full 10 hours is 
1.04 mW, corresponding to 0.13%. 

The cumulative relative intensity noise (RIN) of the second harmonic in the range from 100 Hz to 1 MHz is shown in 
Figure 9. The RIN of the tapered laser diode is dominated by the RIN of current through the tapered section since the 
relaxation oscillations of the laser diode is in the GHz range. This RIN of the laser diode will then be transferred through, 
and amplified by, the second harmonic process. This process and a description of how the RIN was measured has been 
published elsewhere9. Using a low noise power supply (Norlase Aurora One) for the laser system, the total RIN in the 
full measurement range was measured to be 0.064 % rms. The sudden increase in the integrated RIN at 300 kHz is due to 
a noise peak from the current supply which is transferred to the optical RIN. 

 
Figure 9. Measurement of the cumulative integrated RIN of the second harmonic, starting at 1 MHz and ending at 100 Hz. 
The total RIN in the range 100 Hz to 1 MHz is 0.064 % rms. The laser was operated at 18°C, 250 mA ridge waveguide 
current and 6 A tapered amplifier current. 
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in the horizontal and vertical axis respectively. We have shown that the laser can be power stabilized over 10 hours with 
a standard deviation of 0.13% and that the relative intensity noise in the range 100 Hz to 1 MHz is 0.064 % rms. The 
whole system is encased in a case measuring 183 x 114 x 50 mm3. The combination of small footprint and absence of a 
free space cavity enables more widespread use of yellow lasers in the medical industry. 
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3. CONCLUSION 
We have demonstrated a compact laser system with 1.1 W of true-yellow light at 577 nm using single pass cascade 
frequency doubling of a tapered laser diode. The combination of the high power diode laser and the cascade of non-linear 
crystals enable a conversion efficiency of 30.5%, eliminating the need for an external cavity for frequency doubling. 
Moreover, the beam quality of the second harmonic is  close to being diffraction limited with an M2 of just 1.04 and 1.03 
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